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All solid crystalline materials can be considered as consisting of atoms linked by 
chemical bonds of different kind. Some of them may present peculiar structural 
arrangements characterized by the presence of pores with variable size. These materials 
are divided into three categories (microporous, mesoporous, and macroporous) based 
on the dimensions of the pores. In an ordered microporous, mesoporous and 
macroporous material, the pores can accommodate a sphere with diameter ranging 
between 0.25 and 2 nm, 2 and 50 nm, and more than 50 nm, respectively, and are 
arranged in an ordered manner (McCusker et al., 2003). These pores can be empty or 
occupied by guest chemical species.  
In most cases, the hosted atoms are arranged periodically with long-range order. 
However in some materials the hosted atoms display only short-range order. 
The highest possible symmetry for a microporous, mesoporous and macroporous 
structure is the symmetry of its topology (topological symmetry). Although the 
symmetry of a particular material can correspond to the topological symmetry, it is 
often a subgroup thereof. The lowering of symmetry and the distortions of these 
structures due to the ordered distribution of the guest species within the pores, as well 
as the distortions due to the ordered distribution of the framework cations, are 
common. 
A pore that is infinitely extended in one dimension and that may host atoms along its 
length is called a “tunnel”. 
One of the most relevant subgroups in the frame of microporous materials with tunnel 
structure belongs to the large family of oxide minerals, and is that of the so-called 
“tunnel oxides”. 
The tunnel oxides are mainly manganese oxides, although a set of titanium oxides 
display the same basic structural features. The most commons oxidation states of 
manganese in natural systems are +2, +3, +4, +6, +7, although all the oxidation states 
from +1 to +7 have been observed. In tunnel oxides, manganese occurs as Mn4+, Mn3+, 






displays octahedral coordination, and the [Mn4+O6] octahedra may build up many 
framework structures with tunnel shape.  
In these compounds the octhaedra are arranged in edge-sharing chains, which in turn 
link together, again by edge-sharing, to construct walls, whose widths depend on the 
number of the involved chains. Corner-sharing of these walls in near perpendicular 
directions generate a number of different tunnel structures with either square or 
rectangular outline, depending on the dimensions of the walls, e.g. 1 × 1, 2 × 2, 2 × 3, 
etc. (each number represents the single, double, triple, etc., edge-sharing chain) 
(Pasero, 2005). 
Starting from the basic formula of manganese dioxide, Mn4+O2, incorporation of 
monovalent and divalent cations is allowed within the tunnels by substitution of Mn4+ 
by lower valence cations such as Mn3+, Fe3+, V3+, Cr3+, etc.. The same applies to TiO2 
oxides. Moreover, water molecules can find place within the tunnels, too. 
It must be noted that some controversies occurred in literature as regards the reduced 
form of Mn in these minerals (Mn2+ or Mn3+). However, it is today accepted, on the basis 
of chemical argument and detailed X-ray spectroscopy studies, that reduced Mn is 
essentially Mn3+ (Yanchuck & Povarennykh, 1975a,b; Post et al., 1982). The generic 












where A = Na+, K+, Rb+, Ba2+, Pb2+, Mg2+, Zn2+; 
M3+ = Mn, Fe, V, Cr, Al; 
M4+ = Mn or Ti. 
Because of the open structure of tunnel oxides and the capability they have to 
incorporate extra-framework cations, there is a considerable interest in the use of these 
materials (and synthetic analogues) as catalysts, cation exchangers, and immobilization 
agents. Moreover, these materials exhibit a variety of tunnel shapes and sizes, thus 






oxides are also known as Octahedral Molecular Sieves (OMS), a terminology very similar 
to ZMS, which is applied to zeolite-like molecular sieves. 
The technological importance and the wide range of applications of tunnel oxides 
include: 
- The trapping and the immobilization of radioactive wastes: Ringwood et al. (1979) 
synthesized a compound with 2 × 2 tunnel framework and composition BaTi6Al2O16 
[similar to that of hollandite, BaMn8O16, a Mn-oxide with 2 × 2 tunnel shape] called 
Synroc®, which was able to incorporate radioactive waste elements, and especially 
radioactive cesium. 
- Natural sinks for heavy metals and other trace elements in soils, aquatic sediments 
and contaminated waters from mines and other industrial activities (Whitney, 1975; 
Lind & Hem, 1993; Prusty et al., 1994). Ghoneimy (1997) discussed the capacity of 
cryptomelane (KMn8O16, 2 × 2 tunnel oxide) to adsorb Co
2+ and Zn2+. Randall et al. 
(1998) showed that cryptomelane is able to sorb two thirds of available cadmium from 
solution at pH as low as 2.0.  
-  Additives to livestock feed and plant fertilizer (Post, 1999). 
-  One-dimensional ionic conductor (Michiue et al., 2000). 
Moreover, tunnel oxides are of considerable scientific interest in pure geosciences: 
potassium feldspar (KAlSi3O8) and others alkali aluminosilicates and aluminogermanates 
assume 2 × 2-type structure at very high pressure, and hence these phases may 
represent a major constituent of the Earth's mantle (Ringwood et al., 1967b). Ringwood 
et al. (1967a) described in detail a high-pressure (9 GPa) hollandite-type modification of 
K-feldspar with octahedrally coordinated Si4+. This represented, at that time, the second 
known example of a compound with [6]Si after stishovite. 
Besides their many applications, tunnel oxides are very common in nature. A potentially 
resource for their formation is provided by manganese oxides that are found in a wide 
variety of geological settings and are nearly ubiquitous in soils and sediments. 






in different environments throughout the world: fine aggregates, veins, desert varnish 
as coating on the mineral particles and rock surfaces (in arid and semiarid regions) (Fig. 
1), marine and fresh-water concretions, crusts, dendrites (Fig. 2) (Potter & Rossman, 
1979; Post et al., 1999). 
 
 
Fig. 1 - Desert vernish as coating on rock surface. ©Kris H. Light 
 
 






Moreover, fine aggregates and coatings of manganese oxides have a large surface area 
that may further enhance their exchange capacity (Post et al., 1999). Anyhow, the most 
extensive depositions of manganese oxides occur in oceans, as nodules and 
microconcretions. In fact, Mn nodules have been found at almost all the dephts and 
latitudes in all the oceans: it has been estimated, for example, that they cover about 10-
30% of the deep Pacific floor (Crerar & Barnes, 1974). Several processes are involved in 
the formation of oceanic nodules, including the precipitation of metals from sea-water, 
the remobilization of manganese in the water columns (diagenetic processes), the 
decomposition of basaltic debris by sea-water, the precipitation of metal hydroxides 
through the activity of microorganisms (biogenic processes), the derivation of metals as 
a product of continental runoff and hydrothermal and volcanic activity at mid-ocean 
spreading center (Menard & Shipek, 1958). 
Typically, Mn nodules are brown-black, with subspherical-botroyoidal shape (Fig. 3), 
ranging between 5 and 10 cm in diameter, and grow concentrically around a core (Fig. 
4). The core can be microscopically small and completely transformed into manganese 
minerals by recrystallization, or can be a small shell of a microfossil (radiolarian or 
foraminifer), a phosphatized shark tooth, a carbonate minerals fragment, a basalt 
debris, or even a fragment of earlier nodules. 
 
     







Fig.4 - Manganese nodule spit in half. See how the concentric layers develop around a core. 
©NYtimes.com 
 
Since their technological importance and their abundance, a series of studies on a 
number of tunnel oxide minerals has been undertaken and discussed in this thesis, 
aiming at better understanding their properties. 
Several X-ray diffraction experiments at ambient and non-ambient conditions will be 
shown, with special attention to the cation distribution within the tunnels and the 
thermal behavior of these minerals. A series of experiments carried out to identify the 
presence of water molecules within the tunnels will be described. 
Besides, the revision of the nomenclature of a specific group of minerals with tunnel 
structures (hollandite supergroup, the major subject of this work) will be presented. 












Chapter 1: Tunnel oxides 
1.1 Basic structural features 
The basic building block for all the tunnel oxides is represented by either [Mn4+O6] or 
[Ti4+O6] octahedra (Fig. 1.1). 
 
 
Fig. 1.1 - The basic building block for tunnel oxides framework, [Mn4+O6] or [Ti
4+O6] octahedra. 
 
These structures consist of single, double, triple or quadruple chains of edge-sharing 
octhedra, giving rise to walls (even larger walls are known in synthetic compounds); 
these walls share corners with each other in the near perpendicular direction to 
produce frameworks with tunnels having square or rectangular cross section, 
depending on the dimension of the walls themselves (e.g. 1 x 1, 2 x 2, 2 x 3 etc.).  
The ideal topological symmetry of the framework is tetragonal (for structures with the 
same dimensionality in the two directions, e.g., 1 × 1, 2 × 2, 3 × 3) or orthorhombic (for 
structures with tunnels having a rectangular outline, e.g., 1 × 2, 2 × 3, 3 × 4), but often 
the real symmetry is lower due to minor distortions of the framework and/or ordered 
distribution of the cations inside the tunnels (Pasero, 2005). 
All the known minerals with tunnel structure are described below, in order of increasing 
complexity. For the sake of completeness, some synthetic compounds are also included. 
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1 × 1 tunnels - The smallest framework among the tunnel oxide minerals is adopted by 
pyrolusite (β-MnO2), the most stable and abundant polymorph of MnO2; the other 
natural polymorphs are ramsdellite (ε-MnO2) and nsutite (γ-MnO2); the latter, although 
presently recognized as a valid mineral species, is actually an intergrowth between 
pyrolusite and ramsdellite.  
In pyrolusite, single columns of edge-sharing [Mn4+O6] octahedra share corners with 
neighboring columns to form a framework structure having tunnels with square cross 
sections, 1 x 1 wide (Fig. 1.2). 
 
 









The 1 × 1 tunnels are too small to accommodate any chemical species.  
Because of its tunnel structure, pyrolusite typically occurs as acicular crystals (Fig. 1.3). 
Two structural forms of pyrolusite exist: a tetragonal one, which is characteristic of 
pyrolusite of primary origin (low-temperature hydrothermal deposits), and an 
orthorhombic modification characteristic of pyrolusite formed by alteration of 
ramsdellite [ε-MnO2] and manganite [γ-MnO(OH)] (Potter et al., 1979). A single-crystal 
X-ray diffraction refinement of the tetragonal form was performed by Baur (1976) who 
refined the structure in the space group P42/mmm, a = 4.3983(3), c = 2.8730(3) Å. The 
tetragonal structure is displayed, among minerals, also by rutile (TiO2) (Meagher & 
Lager, 1979), cassiterite (SnO2) and plattnerite (PbO2) (Palache et al., 1944), argutite 
(GeO2) (Yamanaka et al., 1991), the high-pressure polymorph of silica stishovite (SiO2) 
(Stishov & Popova, 1961), and sellaite (MgF2) (Palache et al., 1951).  
 
 
Fig. 1.3 - A cluster of pyrolusite acicular crystal on quartz. Brazil. ©Amo Wang 
 
9




Yoshino et al. (1992, 1993) and Kikuchi et al. (1994) showed that only pure pyrolusite 
has tetragonal symmetry. In fact, Rietvield refinement showed that Mn4+ is partially 
substituted by Mn3+, in the orthorhombic form (a = 4.4609, b = 4.6113, c = 2.7461 Å), 
with charge balance achieved by partial substitution of O by (OH), according to the 
general formula Mn4+1-xMn
3+
xO2-x(OH)x [the end-member with x = 1 is manganite, γ-
MnO(OH)]. The same 1 × 1 structure topology with an orthorhombic symmetry is 
displayed by the mineral guyanaite [CrO(OH)], too (Milton et al., 1976). 
 
1 × 2 tunnels – The 1 × 2 structure is adopted by ramsdellite, a natural occurring 
polymorph of MnO2 (Fig. 1.4).  
 
 
Fig. 1.4 - Ramsdellite crystals in goethite matrix. Săo Luis quarry, Beja District, Portugal. ©Martins de 
Pedra 
 
The structure is built up by double chains of edge-sharing Mn-O octhaedra; these chains 
share corners to form a framework with tunnels having rectangular outline (Fig. 1.5).  
10





Fig. 1.5 - Structural scheme of ramsdellite as seen along c. 
 
The first study of the crystal structure of ramsdellite was performed by Fleischer & 
Richmond (1943) who determined the orthorhombic symmetry and the approximate 
unit cell parameters. The structure was then worked out by Byström (1949), who 
refined it in the orthorhombic system, space group Pbnm and cell dimensions a = 
4.533(5), b = 9.27(1), and c = 2.866(5) Å. Ramsdellite is isostructural with diaspore 
[Al3+O(OH)] (Fig. 1.6) and goethite  [Fe3+O(OH)] (Fig. 1.7) (Ewing, 1935; Hoppe, 1940). 
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Fig. 1.6 - Group of diaspore crystals. Saga 1 Quarry, Telemark, Norway. ©Chinellato Matteo 
 
 
Fig. 1.7 - Sprays of goethite from a spheroidal cluster of pyrite crystals. MacLeod mine, Ontario, Canada. 
©John A. Jaszczak.   
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Subsequently, Gruner (1947) described a new mineral, groutite, [Mn3+O(OH)] (Fig. 1.8) 
which turned out to belong to the same diaspore group (Dent Glasser & Ingram, 1968). 
The unit cell parameters of all minerals of diaspore group are compared in Tab. 1.1. 
 
Tab. 1.1 - Comparison between the unit cell parameters of minerals of diaspore group. 
 
More recently, a more accurate structural refinement of ramsdellite through neutron 
and synchrotron X-ray diffraction has been carried out by Post et al., (2001), who also 




 a (Å) b (Å) c (Å) 
ramsdellite Mn4+O2 4.53 9.27 2.87 
diaspore Al3+O(OH) 4.42 9.44 2.84 
goethite Fe3+O(OH) 4.59 10.00 3.03 
groutite Mn3+O(OH) 4.56 10.70 2.85 
montroseite (V3+,Fe3+)O(OH) 4.54 9.97 3.03 
bracewillite Cr3+O(OH) 4.49 9.86 2.97 
13





Fig. 1.8 - Groutite crystals. Caveira Mine, Setùbal District, Portugal. ©Martins de Pedra  
 
They observed that in ramsdellite Mn cations are displaced in respect to the center of 
the octahedra, probably due to the cation-cation repulsion between adjacent 
octhaedra. Moreover they found that half-way along the ramsdellite-groutite join a 
phase called “groutellite” [Mn4+0.5Mn
3+
0.5O1.5(OH)0.5] may form; this phase was first 
described by Klingsberg & Roy (1959) during the experimental reduction of ramsdellite 
to groutite. 
Room-temperature refinement of the “groutellite” structure (Post & Heaney, 2001) 
reveals that the Mn octahedra are more distorted with respect to those in ramsdellite, 
with two longer Mn-O distances characteristic of Jahn-Teller effect, a strong indication 
that some trivalent Mn atoms occupied the octahedral sites. 
In ramsdellite the tunnels are generally empty, but a number of chemical analyses 








1 × 3 tunnels – So far, no 1 × 3 frameworks have been reported among natural samples 
or synthetic compounds, although 1 × 3 tunnels have been described for the mineral 
nsutite. Nsutite is a polymorph of MnO2 which was first described as a new species by 
Zwicker et al. (1962). It was named after the large deposit of the mineral near Nsuta, 
Ghana. A careful high resolution transmission electron microscopy (HRTEM) study of 
nsutite from the type locality and from Piedras Negras, Mexico, revealed a disordered 
structure consisting of alternating intergrowth of ramsdellite and pyrolusite, and of 
more complex and disordered structures, among which small domains with 1 × 3 
tunnels (Fig. 1.9; Turner & Buseck, 1983). Accordingly, nsutite should not deserve the 
status of mineral species.  
 
 
Fig. 1.9 - On the left side, HRTEM image of nsutite from Piedra Nagras, Mexico. On the right side the 
structural arrangement of walls, showing a regular alternation of 1 × 2 and 1 × 3 tunnels. After Turner & 
Buseck (1983) 
 
Anyway, occurrences of “nsutite” have been reported in oceanic Mn nodules, and as 
replacement mineral that commonly forms from oxidation of Mn-carbonate minerals 
[Zwicker et al., (1962), Turner & Buseck, (1983)]. 
 
2 × 2 tunnels - The 2 × 2 tunnel structure is the most common and it is characteristic of 
many mineral species (so many to establish a mineral supergroup) and synthetic 
compounds, either manganese or titanium oxides. The framework is characterized by 
double chains of edge-sharing [Mn4+O6] or [Ti
4+O6] octahedra, linked to form tunnels 
with square cross section, two octhaedra wide (Fig. 1.10). 
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Fig. 1.10 - Structural framework of the 2 × 2 tunnel structures as seen along c. 
 
These tunnels are large enough to host mono- or divalent cations, (e.g., Ba2+, K+, Na+, 
etc.), and in some case water molecules. The positive charge associated with the tunnel 
cations is balanced by substitution of some of the Mn4+ or Ti4+ by lower valence cations 
(e.g., Mn3+, Fe3+, Fe2+, Zn2+, V3+, Cr3+, Al3+). 
The ideal topological symmetry of the 2 × 2 tunnel oxides is tetragonal, space group 
I4/m (a ≈ 10.0, c ≈ 2.9 Å), but in some cases structural refinements have been carried 
out in monoclinic (pseudo-tetragonal) space groups, such as I2/m or P21/n (with the a 
and c axes slightly different between each other, and the β angle slightly greater than 
90°) because of minor distortions of the framework and/or ordering of cations and 
vacancies along the tunnels. Moreover structures with multiple c unit cell parameters or 
incommensurate structures may occur. 
As already mentioned, the 2 × 2 framework displays a considerable flexibility in hosting 
different chemical species, as a result not only of tunnel cation exchange, but also of 
16




substitutions within the octahedral framework. In fact, besides the manganate and 
titanate minerals, a lot of chemically distinct synthetic compounds are known to assume 
this framework topology. 
Here we present a short account of some important synthetic compounds with the 
same structure topology (the description of the known minerals displaying the 2 x 2 
tunnel structure will be given in Chap. II). 





2)O16 (where A = K, Rb and M
3+ = Al, Ti, Cr, Fe, Ga) or A2(Ti
4+
7M
2+)O16 (where A 
= K, Rb and M2+ = Mg, Co, Ni, Cu, Zn), and this demonstrates the great tolerance for 
substitutions in the octahedral framework. Dryden & Wadsley (1958) prepared a series 
of oriented aggregates of the non-stoichiometric phase Bax(Ti8-xMgx)O16 (with 1.14 > x > 
0.67). The results of a solid-state preparation of a synthetics hollandite phase with 
chemical formula BaxAl2xTi8-2xO16 showed a large range of x, from 0.3 to 1.2 (Sinclair et 
al., 1980). 
Ringwood et al. (1967a) described a synthetic potassium feldspar KAlSi3O8 that 
undergoes a polymorphic transition at 9 GPa and 900°C into the hollandite-type 
structure (a phase with octahedrally coordinated Si4+). This could represent one of the 
major phase in the Earth mantle. Moreover, a number of minerals with Si and Ge as 
octahedral cations (KAlSi3O8, KAlGe3O8, NaAlGe3O8, RbAlGe3O8) assume the hollandite-
type framework under high pressure conditions (Ringwood et al., 1967b). 
The sodium analougue of hollandite-type KAlSi3O8 has been recently discovered in shock 
melt veins in the L6-chondritic meteorite Sixiangkou and in veins in other shocked L- 
and H- chondritich meteorites. NaAlSi3O8 with the structure of hollandite minerals was 
approved as a new mineral species with the name lingunite (Liu, 2006). 
Finally, single crystals of plumbous hollandite-type structure with composition 
Pb0.8Al1.6Si2.4O8 , as well as (Ca0.5Mg0.5)Al2Si2O8, have been synthesized at very high 
pressure and temperature (16.5 GPa and 1450 °C) (Downs et al., 1995; Madon et al., 
1989). The latter phase may represent a possible host of calcium and aluminum in the 
lower mantle. 
17




Hollandite-type minerals commonly occur as intergrowths and, in some cases, grade 
from one to another along the same crystal. They can be major phases in the oxidized 
zone of Mn deposit and important ores (Post, 1999). They typically are found as fibrous 
and tabular crystals or in compact botroyoidal masses. Less commonly, hollandite-type 
minerals occur as prismatic crystals in hydrothermal vein deposits (Fig. 1.11). 
 
  












2 × 3 tunnels - The 2 × 3 tunnel is characteristic of romanèchite, Ba(Mn4+,Mn3+)5O10·H2O. 
The romanèchite structure is built up by double and triple chains of edge-sharing MnO6 
octahedra that link to each other to form large tunnels with rectangular cross section, 
two by three octahedra wide (Fig. 1.12). 
 
 
Fig. 1.12 - Romanèchite 2 × 3 structural framework as seen along b. 
 
Romanèchite was often referred to as psilomelane (Wadsley, 1953), a name now 
discredited, which in the past has been used for a mixture of poorly defined hard black 
manganese oxides. 
The structure of romanèchite was first solved by Wadsley (1953); it crystallizes in the 
monoclinic system, space group C2/m, with a = 13.85, b = 2.88, c = 9.56 and β = 92.5°. 
The tunnels are occupied by a double row of Ba ions (and minor amount of other 
cations such as Na+, K+, Sr2+, etc.) and water molecules (ratio Ba:H2O ≈ 1:2); it is likely 
that each tunnel contains and ordered sequence of barium cations and water 
molecules, however the long-range order is lost (Wadsley, 1953). The charge balance is 
achieved by substitution of Mn4+ by lower valence cations (mainly Mn3+) within the 
19




octahedra. Single crystal X-ray refinement indicates that Mn3+ concentrates on the 
octahedral sites placed at the edges of the triple chain (Post, 1999).  
The structure of romanèchite was subsequently re-determined by Turner and Post 
(1988) which found a supercell with a 3 × b unit cell parameter (i.e., the tunnel axis), 
resulting from ordering of Ba and H2O along the tunnel. In fact, they observed a 
characteristic sharpness of the superstructure reflections along b, which may indicate 
that Ba2+ and H2O are well ordered within individual tunnels (short-range ordering). 
More recently, a compound topological related to romanèchite with Na+H2O within the 
tunnels, with composition (Na, H2O)(Mn
4+,Mn3+)12O24 was synthesized by Shen et al. 
(2004). Moreover, it has been observed that this 2 × 3 Na-tunnel structure is stable 
below 550 °C and transforms into “hausmannite” at higher temperature. 
Romanèchite typically occurs as botroyoidal masses in oxidized zone of Mn-rich 
deposits (Fig. 1.13). Cross section of botroyoidal samples usually show very fine 
concentric layering (Fig. 1.13, region within the red box); electron microprobe analysis 
reveals minor fluctuations in composition among the different layers, mostly in 









Fig. 1.13 - Romanèchite in botroyoidal aggregate. The red box indicates the layering. Ober-Kainsbach, 
Reichelsheim, Odenwald, Hesse, Germany. ©Christian Bracke 
 
HRTEM studies have shown that romanèchite and hollandite commonly intergrow on a 
very fine scale, and are interconnected via the common double octahedral chain. 
Moreover, some unusual insulated tunnels (2 × 4 and 2 × 7) were also observed (Turner 
& Buseck, 1979).  
 
2 × 4 and 2 × 5 tunnels – No natural specimens have been found with 2 × 4 or 2 × 5 
framework structure, nevertheless several synthetic compounds have been prepared. 
Sodium manganese oxides [Na0.33(Mn
4+, Mn3+)O2·xH2O] with 2 × 4 tunnels were 
hydrothermally synthesized from Na-birnessite [Na0.5(Mn
4+,Mn3+)2O4·1.5H2O] (Fig. 1.14) 
(Liu & Ooi, 2003). The authors showed that a number of alkali ions as well as water 
molecules could be inserted into the tunnel sites in the place of sodium. The tunnel 
exchange capability increases in the order Cs+ < Li+ < Na+ < K+ ≈ Rb+. Xia et al. (2001) 
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synthesized the same product and also refined the structure as monoclinic C2/m, a = 
14.435, b = 2.849, c = 23.976 and β = 98.18°. 
 
 
Fig. 1.14 - Synthesis process of 2 × 4 tunnel from Na-birnessite. After Liu & Ooi, (2003) 
 
Synthetic Rb0.25(Mn
4+,Mn3+)O2 with 2 × 4 framework and Rb0.27(Mn
4+,Mn3+)O2 based 
upon 2 × 5 tunnels has been prepared by Rziha et al. (1996) and Tamada and Yamamoto 
(1986), respectively. 
 
3 × 3 tunnels - The 3 × 3 structural framework is adopted by todorokite, an hydrated Na-
, Ca-, Mg-bearing manganese oxide [(Na,Ca)(Mn4+,Mg2+)6O12·5H2O (Post et al., 2003b)].  
The crystal structure of todorokite has been a subject of interest and speculation for 
several years. Much of this attention comes from its important role as one of the major 
minerals in the oxidized zones of many Mn deposits and from the capability to 
incorporate metals in its structure.  
Unfortunately, todorokite usually occurs as poorly crystalline masses, and to date no 
crystals have been found that are suitable for single-crystal X-ray diffraction. Moreover, 
at most occurrences todorokite assumes the form of platy or fibrous crystals (Fig. 1.15), 
supporting a long-lasting controversy about its tunnel- or layer-type structure (Burns & 
Burns (1977); Potter & Rossman (1979); Turner & Buseck (1981). 
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Fig. 1.15 - Todorokite fibrous crystals. Punta del Aguila, Canary Islands, Spain. ©Volker Betz 
 
Burns & Burns (1977), on the basis of electron-diffraction data and the commonly 
fibrous habit, proposed a tunnel structure similar to those of romanèchite and 
hollandite. On the other hand, Potter and Rossman (1979) supported the hypothesis of 
a layered structure analogue to that of birnessite, by an infrared-spectroscopy study on 
a birnessite-rich alluvial deposit of manganese oxides. Besides, Giovanoli & Bürki (1975) 
considered todorokite not a valid species but merely a mixture of buserite 
(Na4Mn14O27·21H2O) and/or birnessite and manganite.  
Finally, Turner and Buseck (1981), confirmed the tunnel model proposed by Burns & 
Burns (1977), today well accepted, on the basis of accurate HRTEM studies. The HRTEM 
images revealed that todorokite consists predominantly of triple chains of edge-sharing 
MnO6 octahedra which share corners to form large tunnels with square cross sections 
three octahedra wide (Fig. 1.16).  
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Fig. 1.16 - Polyhedral representation of the crystal structure of todorokite as seen along b. 
 
HRTEM images also showed that, at the atomic scale, todorokite may produce 
intergrowths with larger tunnels, measuring 3 × 4, 3 × 5, 3 × 6, and 3 × 7, up to 3 × 9 
octahedra in cross section (Chukhrov et al. 1980, 1985; Turner & Buseck, 1981). Usually, 
such tunnels are isolated within the dominant 3 × 3 topology and the faulted sequences 
developed along one direction only, whereas in the perpendicular direction the walls 
are invariably 3 octahedra wide. 
Finally, the crystal structure of todorokite was solved in the space group P2/m, a = 
9.764, b = 2.841, c = 9.551 Å and β = 94.06°, using Rietveld method and powder X-ray 
diffraction data (Post & Bish, 1988). A further refinement was performed by Post et al. 
(2003b), by synchrotron powder X-ray diffraction data, which, besides confirming the 
model proposed by Post & Bish (1988), also led to observe the dehydration of 
todorokite under different temperature conditions (from 100 to 820 K). At 450 K, 
todorokite starts to break down and fully decomposes at 620 K, transforming into 
hausmannite [(Mn3+,Mn2+)O4]. The loss of O2 associated with the reduction of Mn
4+ to 
24




Mn3+ and Mn2+ impelled a breakdown of the octahedral framework and the subsequent 
release of the tunnel H2O. 
Chemical analyses show a wide range of tunnel compositions (Ostwald, 1986), and 
samples of todorokite from ocean nodules contain significant amount of Ni, Co and Cu 
(Burns & Burns, 1977). 
Todorokite typically occurs in Mn deposits as an alteration product of primary ores such 
as braunite [Mn6(SiO4)O8]. The mineral also seems to be an important phase in Mn 
desert varnish in arid and semi-arid regions, dendrites within and on the surface of 
rocks, and deposits within the rivers (Potter & Rossman, 1979). In the ocean nodules it 
seems that todorokite arises from biological processes, where spores of a marine 
bacterium are able to oxidize Mn (Mandernack et al., 1995). 
Several syntheses of todorokite have been performed by Golden et al. (1986) who 
prepared a Mg-todorokite starting from Na-birnessite in which Na was exchanged with 
Mg to obtain Mg-birnessite. Moreover, Ca-birnessite and Ni-birnessite, when 
autoclaved under conditions similar to those for Mg-birnessite, assume the todorokite 
structure. Todorokite was also synthesized by autoclaving layer-structure manganese 
oxides under markedly alkaline conditions (Shen et al., 1993). 
 
3 × 4 tunnels - The 3 × 4 framework is the largest tunnel structure so far reported in 
natural and synthetic Mn and Ti oxides. This structural framework is characteristic of 
woodruffite, an hydrated oxide of Mn and Zn with formula [Zn(Mn4+,Mn3+)5O10·3.5H2O] 
and consists of tunnels 3 and 4 octahedra wide (Fig. 1.17). 
Woodruffite was first described from oxidized zinc ores of Sterling Hill, NJ, USA (Frondel, 
1953) and since its X-ray powder diffraction pattern resembled that produced by 
todorokite, woodruffite was initially assumed to be a Zn-rich variety of that mineral.  
Later, other occurrences of needle-like crystals of woodruffite were discovered in an 
oxidized ore body near Mapimi, Durango, Mexico. The diffraction pattern was different 
from that of todorokite and also HRTEM images confirmed an opening of 3 × 4 
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octahedra units (Post et al., 2003a), offering a prototype for a new class of OMS 
materials. 
Chemically, the major framework and tunnel cations in woodruffite are Mn and Zn, 
respectively, with Na, K, Ba, Mg, Si, Al and Fe present in amounts less than 1% and Ca, 
Sr, Co, Ni, Sn, Cr, Mo, V and Ti present in trace amounts. 
 
 
 Fig. 1.17 - Structural framework of woodruffite as seen along b. 
 
The thermal stability of woodruffite is comparable to that of todorokite. The structure 
breaks down at about 570 K. The collapse of the structure is triggered by the loss of O 
atoms from the octahedral framework and the consequent reduction of Mn (Post et al., 
2003a), eventually leading to the formation of hausmannite. 
This mechanism suggests that a strategy for preparing more thermally stable 
woodruffite-like phase (as well as todorokite) should focus on altering the framework, 
rather than the tunnel, composition, perhaps introducing cations with less variation in 
valence state, e.g., Cu2+, Ni2+, and Ti4+, in the place of Mn cations (Post et al., 2003a).  
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Usually woodruffite occurs as masses and crusts with a botryoidal surface and a 
coarsely layered internal structure; more rarely as tufts of acicular crystal (Fig. 1.18). 
 
 
Fig. - 1.18 Needle-like crystals of woodruffite. Carlés Mine, Asturias, Spain. ©Enrico Bonacina 
 
 
1.2 Ramsdellite: polysomatic issue  
Although ramsdellite is considered a member of the tunnel oxides, in strict polysomatic 
terms this is wrong. As widely described above, tunnel oxides are characterized by two 
sets of walls which develop in mutually orthogonal direction. This is not the case of 
ramsdellite, where the ribbons (with width corresponding to two octahedra wide) are 
parallel (see Fig. 1.5). This gives rise to a tunnel structure as well, however, the small 1 × 
1 tunnels found in all other tunnel oxides of the polysomatic family are here lacking 
(Pasero, 2005). Therefore, the notation “1 × 2” for ramsdellite refers to the dimensions 
of the tunnels and not to the width of the walls.  
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1.3 Structural Details 
The ideal topological symmetry of the framework of the tunnel oxides is tetragonal or 
orthorhombic, but often a lowering of the symmetry is observed. The causes of this are 
probably related to the minor distortion of the framework (i.e. the octahedral 
distortion) and/or to the ordered distribution of the cations inside the tunnels. 
 
1.3.1 Octahedral distortion  
Octahedral distortions commonly occur in tunnel oxides minerals, and often are related 
to the increase of the structural complexity. Minimum distortion is indeed characteristic 
of structures with 1 × 1 tunnels (i.e. pyrolusite), whereas the distortion increases for 
structures with larger tunnels. 
This can be related to the characteristic substitution M4+ = M3+ + A+ and/or M4+ = 2M3+ + 
A2+, that is typical of the larger tunnel phases. The distortion is more evident when the 
dominant trivalent cation is Mn3+, since it displays the characteristic Jahn-Teller effect. 
The Jahn-Teller distortion normally leads to an elongation of the bonds relative to two 
out of the six ligands, resulting in a square, 4+2 coordination, but occasionally two out 
of the six ligands are shortened, resulting in a linear, 2+4 coordination (the Jahn–Teller 
theorem does not predict the direction of the distortion, only the presence of an 
unstable geometry) (Fig. 1.19). When such distortion occurs in tunnel oxides minerals, it 
causes a general lowering of the symmetry from tetragonal to monoclinic. 
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Fig. 1.19 - Jahn-Teller effect along z axis. 
 
Another reason of the distortion is probably related to the dimensions of the octahedral 
cation itself. Sinclair et al. (1980) proposed that as the M cations get larger, the M-O 
octahedra must distort, causing a lowering of symmetry. Thus, compounds with smaller 
M cations and, consequently, smaller unit cells, should be tetragonal, whereas those 
with larger unit cells should be monoclinic.  
In fact, through a review of several synthetic compounds with hollandite-type structure 
(2 × 2), they observed that the substitution of M4+ octahedral cations by lower valence 
cations (M3+) with smaller size, such as Al3+, leads to smaller cells (V = 236.3 Å3, Reid & 
Ringwood, 1969) respect to that normally observed in hollandite-type compounds (V ≈ 
280 Å3, Post et al., 1982, BystrÖm & BystrÖm, 1950). Conversely, the substitution with 
cations with larger ionic radii, such as Ga3+, gives rise to greater unit cells (V = 298.9 Å3; 
Cadèe & Verschoor, 1978) and to a concurrent lowering of symmetry. 
Thus, it seems that the symmetry change is more likely to occur between volume values 
between 290 and 300 Å3. 
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It must be noted, however, that Post et al. (1982), refining the structure of specimens of 
hollandite s.s. [Ba(Mn4+,Mn3+)8O16], cryptomelane [K(Mn
4+,Mn3+)8O16] and priderite 
[K(Ti4+Fe3+)8O16], observed that the larger root mean square displacements of the atom 
positions in the octahedral site, with respect to an ideal octahedron, was for priderite. If 
these displacements are considered to be a further measure of the degree of distortion, 
then the priderite octahedra are more distorted than those of hollandite and 
cryptomelane. However, it has already been pointed out that priderite has a tetragonal 
unit cell, while hollandite and cryptomelane are monoclinic. 
Therefore, it seem that the monoclinic distortion of 2 × 2 tunnel structures cannot result 
solely from the distortion of M-O octahedra, but also from the dimension of the tunnel 
cations.   
The following picture indicates the displacement of the refined atom positions for 
monoclinic hollandite s.s. (Post et al., 1982). The length of the arrows are proportional 
to the magnitude of the displacement. The graphic highlights that the monoclinic 
distortion is due to a twisting of the M-O octahedra around an axis parallel to b (Fig. 
1.20). 
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Fig. 1.20 - Monoclinic hollandite unit cell as seen along b. Arrows indicate the direction and their length 
the magnitude of the displacement of atoms positions from those in an ideal tetragonal unit cell. After 
Post et al. (1982) 
 
This twisting produces a slight decrease of the volume of the tunnel and consequently a 
structural distortion. This mechanism is similar to the octahedral tilt or twist of 
compounds with perovskite-like structure (Fig. 1.21). Such a distortion occurs when the 
central cation is too small with respect to the ideal dimensions of the cavity in which it 
must be accommodated. 
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Fig. 1.21 - Octahedral tilting in perovskite.  
 
The degree of distortion in perovskite increases as the ionic radius of the cation in the 
cavity decreases with respect to that of octahedral cations.  
To verify whether the twisting in the 2 × 2 tunnel structure is really similar to that of 
perovskite-like compounds, Post et al. (1982) plotted the average ionic radii of A-cation 
vs. the average ionic radii of M-cation for a series of hollandite s. l. compounds reported 
in literature (Fig. 1.22).  
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Fig. 1.22 - rA vs. rM for hollandite compounds reported in literature. Filled circle represent tetragonal 
frameworks and squares monoclinic frameworks. The dashed line corresponds to rM/rA = 0.48. After Post 
et al. (1982). 
 
In general, compounds with monoclinic structure are placed in the lower right part of 
the diagram, corresponding to “hollandites” with small A cations and relatively large B 
cations, and compounds with tetragonal structure are placed in the upper left part of 
the diagram, corresponding to “hollandites” with large A cations and relatively small B 
cations. 
Thus, it seems that if the A cation is too small for the tunnel, the M-O octahedral wall is 
tilted so as to decrease the volume of the tunnel and to adapt it to the hosted cation, 
and a monoclinic framework results. 
33




The tetragonal form is separated from the monoclinic one by a dashed line that 
indicates a rM/rA = 0.48 (see Fig. 1.22). Hence, hollandite compounds with rM/rA < 0.48 
are tetragonal and those with rM/rA > 0.48 are monoclinic. 
As expected, the β angle for the monoclinic hollandite examined increase as the rM/rA 
ratio get larger, and leads to the increase of the distortion. 
Although detailed studies like the one mentioned above on the structural distortion of 
larger tunnel such as 2 × 3, 3 × 3 and 3 × 4 are missing, it is easy to guess as these 
structures undergo a similar type of distortion. In fact, romanèchite, todorokite and 
woodruffite are normally found with monoclinic symmetry, even if their ideal 
topological symmetry is tetragonal or orthorhombic. 
 
1.3.2 Cations distribution in 2 x 2 tunnels 
The lowering of symmetry may be also related to the ordering of cations along the 
tunnel. 
As it is already known, not all the tunnel oxides are able to incorporate cations inside 
their cavities, because some of these circumscribe an interstitial space too small (e.g. 
pyrolusite, 1 × 1, and ramsdellite, 1 × 2, although the latter seems able to host minor 
amount of water).  
Conversely, more open frameworks, such as 2 × 2, 2 × 3, 3 × 3, etc., may host several 
species of mono- and divalent A cations (with A = Na+, K+, Rb+, Ba2+, Pb2+, etc. ) as well as 
water molecules. 
The incorporation of cations and/or water molecules often leads to a lowering of 
symmetry as a consequence of the ordering of these host species along the tunnels. The 
position and the site occupancy within the tunnels is one of the most interesting aspects 
of the tunnel oxide minerals.  
The sites available to the cations within the tunnels are strongly constrained by the high 
local symmetry (a fourfold or twofold axis along the tunnel elongation, a mirror 
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perpendicular to the axis, inversion center); it often happens that cations are displaced 
off the special positions due to the different ionic radius as well as to the local 
interactions with the oxygen atoms of the framework.  
Another reason of the displacement is related to the impossibility of placing cations on 
neighbor, translationally related and fully occupied sites along the tunnel axis. In fact 
the translation is less than 3 Å in the 2 × 2 framework, i.e. shorter than the minimum A – 
A distance electrostatically acceptable; therefore, partial occupancy at these sites is 
required, as well as some kind of ordering of cations and vacancies along the tunnels, 
which may give rise to structures with multiple b or c unit cell parameters or to 
incommensurate structures. 
In the ideal 2 × 2 tunnel structure (I4/m), tunnel cations lying at (0,0,0) fit into cavities 
that are formed by eight oxygen atoms, four placed at z = ½ and four at z = -½, at the 
corners of a distorted square prism, with A – O distances in the range of 2.8 – 3.0 Å. 
These A cations can be displaced off the special position along the tunnel toward four of 
the coordinating O atoms. Moreover, four additional oxygen atoms at distance of ca. 3.5 
Å, and at the same z level of the A cation, can be considered as additional capping 
anions, one for each of the four vertical faces of the distorted prism mentioned above 
(Pasero, 2005) (Fig. 1.23). 
 
 
Fig. 1.23 - Two tunnel site views in the ideal 2 × 2 tunnel structure. The tunnel cation (red) is ideally 
coordinate by 12 oxygens (green). After Pasero (2005). 
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Many studies on 2 × 2 tunnel oxides show the displacement of A cation off the special 
position. Post et al. (1982), in their study concerning the symmetry and cation 
displacements in hollandite s.s. [Ba0.75Pb0.16Na0.10K0.04(Mn,Fe,Al)8O16], cryptomelane 
[K0.94Na0.25Sr0.13Ba0.10(Mn,Fe,Al)8O16], and priderite [K0.90Ba0.35(Ti, Fe, Mg)8O16], observed 
that some or all of the tunnel cations are displaced off the special position. In hollandite 
and cryptomelane, the Ba2+ and K+ lies at (0,0,0) whereas the Pb2+, Sr2+ and  Na+ are 
displaced off that site. In priderite both the Ba2+ and K+ are displaced. These 
displacements may result in more energetically stable coordination polyhedra for the 
tunnel cations, in which the A-O distances better fit the expected values on the basis of 
the ideal ionic radii.  
K+ in cryptomelane lies at (0,0,0), at a distance of ca. 2.88 Å from the eight coordinating 
atoms. These contact distances are nearly those predicted using the ionic radii of 
Shannon (1976). Therefore, the K+ in cryptomelane is not displaced because its bond 
distances with coordinating anions are within expected values. 
Sr2+ and Na+, instead, are smaller than K+ and form shorter Sr2+- O and Na+ - O 
connections. Thus, if both these cations were placed at (0,0,0), this would result in 
unacceptable bond distances with oxygen atoms. The Sr2+ is shifted by ca. 0.60 Å to be 
at the predicted 2.64 Å bond distance from four of the coordinating O atoms. This 
correspond to the site observed for Sr in cryptomelane, at (0,0.18,0), resulting in 
average Sr-O distances of ca. 2.65 Å (Fig. 1.24a). 
The difference Fourier synthesis of cryptomelane also shows a maximum of electron 
density in the tunnel at the center of the small square defined by four O atoms, at 
(0,0.5,0). The only cation small enough to fit into this site is Na+. The four observed Na+ - 
O distances of 2.49 Å are between the 2.56 and 2.38 Å values predicted for Na+ in eight- 
and fourfold coordination respectively (Fig. 1.24b). 
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Fig. 1. 24 - (a) Sr (light blue) atoms at (0,0.18,0) and K (black) at (0,0,0) and (b) Na (grey) atoms at (0,0.5,0) 
and K (black) at (0,0,0) in cryptomelane (Post et al., 1982). 
 
In hollandite, the distance from the special position (0,0,0) to the eight coordinating O 
atoms is 2.89 Å (about the same as in cryptomelane) and this distance is only 0.1 Å 
longer that the theoretical Ba2+- O distance. The Ba2+ is located exactly at that site in 
special position (0,0,0) whereas Pb2+ must shift by ca. 0.58 Å, at (0,0.2,0) to form 
suitable Pb2+- O distance (2.67 Å). This agrees with the subsidiary tunnel site found at 
(0,0.2,0) in hollandite, where the Pb2+ is at 2.65 Å from four of the neighboring O atoms. 
Moreover, Post et al. (1982) observed that the anisotropic displacement parameters for 
both these cations (especially for Pb) show elongation along the tunnel direction, 









Fig. 1.25 - Thermal ellipsoid model for hollandite; Pb (dark grey) atoms at (0,0.2,0) and Ba (pink) at (0,0,0). 
Note that anisotropic displacement parameters for Pb cations show elongation along the tunnel direction. 
(Post et al., 1982). 
 
In priderite, the ionic radius of Ti4+ (0.745 Å) is larger than that of Mn4+ (0.67 Å); 
consequently, the framework structure is expanded relative to that of hollandite and 
cryptomelane (V = 304.94, 280.72, 277.35 Å respectively). In priderite K+, to be at its 
predicted K+- O distance of 2.88 Å, should occupy a site at (0,0,0.06). Similarly, Ba2+ 
should occupy a site at (0,0,0.17) to be at a distance of 2.79 Å from the framework 
oxygen atoms. The experimentally determined positions of the tunnel cations observed 
by Post et al. (1982) are: barium at (0,0,0.18), and potassium at (0,0,0.03), in fairly good 
agreement with the expected position.  
Moreover, both Ba and K (especially the former) have high anisotropic displacement 
parameters, showing elongation in the tunnel direction (Fig. 1.26). 
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Fig. 1.26 - Thermal ellipsoid model for priderite; K (black) atoms at (0,0,0.03) and Ba (pink) at (0,0,0.18).  
 
Table 1.2 summarizes the types of tunnel cations, their positions and the refined site 














Tab. 1.2 - Tunnel cation positions and occupancies in hollandite, cryptomelane and priderite (after Post et 
al., 1982). 
    
 Tunnel cation Refined occupancy Tunnel site 
hollandite Ba2+ 0.34 (0,0,0) 
 Pb2+ 0.15 (0,0.20,0) 
 Na+ 0.05 (0,0.5,0) 
 K+ 0.02 (0,0,0) 
    
cryptomelane K+ 0.65 (0,0,0) 
 Na+ 0.11 (0,0.5,0) 
 Sr2+ 0.08 (0,0.2,0) 
 Ba2+ 0.05 (0,0,0) 
    
priderite K+ 0.66 (0,0,0.03) 
 Ba2+ 0.10 (0,0,0.18) 













1.3.3 Theoretical occupancy in 2 × 2 tunnels 
Another interesting aspect of the 2 x 2 tunnel structures is the variable extra-framework 
cation occupancy on the basis of the dimensions and oxidation state of atomic species 
hosted. 
Post & Bish (1989), e.g., observe that coronadite (Pb2+ as tunnel cation) is able to 
accommodate more cations in the tunnel than hollandite s.s., which has Ba2+ as the 
predominant tunnel cation. They studied two samples of coronadite from Morocco 
[Pb1.06Ba0.10(Mn
4+,Mn3+)7.7V0.20Al0.08O16] and Australia 
[Pb1.40(Mn
4+,Mn3+)7.9Al0.05Zn0.05O16·1.55H2O]. The refined Pb position is displaced 
approximately 0.60 Å along the tunnels from the special position at (0,0,0) which is 
consistent with the previously observed displacements of other hollandites s.l. (Post et 
al., 1982). In both samples the coordinates of the sites are ca. (0,0.22,0). Chemical 
analyses of coronadite from Morocco and Australia showed 1.0 to 1.4 tunnel cations per 
formula unit (the tunnel sites are 1/2 to ca. 
2/3 filled), whereas the mineral hollandite 
typically has less than 1.0 tunnel cation per unit cell. When hollandite s.l. contains minor 
amounts of univalent tunnel cations, or of Pb2+, then the tunnel occupancy might reach 
1.1 - 1.2 cations per unit cell. The maximum occupancy of the tunnel sites is probably 
limited by the size and charge of the cations. Thus hollandite-type structure can 
accommodate smaller and univalent cations more easily than larger and divalent 
cations. 
Indeed, it has been often observed that K+ and Na+ in 2 × 2 tunnel oxides can reach 1.3 
to 1.5 atoms per unit cell (Post & Bish, 1989). In the case of hollandite s.s. 
[Ba(Mn4+,Mn3+)8O16], charge repulsion prevents Ba ions from occupying neighboring 
unit cells along a given tunnel (Fig. 1.27a). In coronadite, the smaller Pb2+ cations can be 
displaced off the special position, thus increasing the distance between cation sites in a 
given tunnel (Fig. 1.27b). As a result, Pb cations can fill ⅔ of the tunnel sites (1.33 apfu). 
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Fig. 1.27 - Representation of three unit cells along the tunnels in hollandite s.s. (a) and in coronadite (b), 
showing distances between adjacent sites. The increased interaction distance in (b) minimizes repulsion 
forces and allow up to ⅔ ﬁlled sites per unit cell, compared with only ½ of sites in hollandite s.s. (a). The 
filled circle represent filled cationic sites, and the X represent vacancies. After Post & Bish (1989) 
 
This occupation scheme and the resulting tunnel cations ordering seems to be a 
common feature in the 2 × 2 tunnel oxides. The sequence of sites slightly below and 
slightly above the special position at (0,0,0) togheter with a vacancy have been 
observed in almost all 2 × 2 structures.  
Biagioni et al. (2009), in their refinement of the structure of ankangite, 
(Ba1.16Ti5.68V2.32)O16, observed the presence of a satellite Ba2 site at (0,0,0.13) slightly 
displaced from Ba1 site at the special position (0,0,0).  
They suggested the same tunnel cation distribution described above: one in which every 
second Ba1 site is empty (total occupancy of 50%) (Fig. 1.28 left side), the other 
characterized by the sequence Ba2b-Ba2a-vacancy with a total occupancy of 66% (⅔ of 
the tunnel sites) (Fig. 1.28 right side). 
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Fig. 1.28 - Tunnel cations ordering in ankangite (Ba1.16Ti5.68V2.32)O16. The filled circles represent cationic 
site at (0,0,0), and the empty circles represent the cationic sites at (0,0,0.13) AfterBiagioni et al. (2009) 
 
One dimensional incommensurate modulation of ankangite was observed by Shi et al. 
(1991) who proposed a supercell 14 times longer than the basic 2.9 Å subcell (c 
translation). 
Even synthetic 2x2 tunnel oxide compounds show this characteristic displacement and 
ordering of the tunnel cation.  
Sinclair et al. (1980) synthesized a compound with ideal formula BaTi6Al2O16, the most 
abundant phase in Synroc®, a synthetic rock designed and employed for nuclear-waste 
immobilization (Ringwood, 1979). 
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These authors initially hypothesized that the Ba cation lied on the special position 
(0,0,½), using the atomic coordinates from BystrÖm & BystrÖm (1950).  
Subsequently they showed that Ba atoms were incorrectly located at this site. The 
correct position for these cations was at (0,0,0.38). This positional shift was also 
observed by Cadèe & Verschoor (1978) who reported a displacement from the special 
position of 0.52 Å for Ba2+ in a synthetic compound with general formula BaxSn4-
2xCr2xO18. Even Beyeler (1976) proposed a shift from the (0,0,0.5) position for K
+ in 
K1.54Ti7.23Mg0.77O16. 
Anyhow, all the above-cited authors proposed the same tunnel cation scheme 
distribution: if the occupancy of Ba2+ is ca. 50%, then the A site should be occupied 
every second unit cell (Fig. 1.29a). At higher Ba2+ concentrations adjacent cells can be 





Fig. 1.29 - Schematic diagram of tunnels showing six unit cell parallel to c (a) at 50% Ba occupancy, (b) at 
higher occupancies. The filled circle represent filled cationic site, and the empty circles represent 
vacancies. After Sinclair et al. (1980) 
 
Thus, if Ba occupancy is more than 50 % and Ba atom occupy R1 position (see Fig. 1.29b), 
then the probability to find it at Q1 is equal to zero. The probability of finding Ba in both 
Q1 and R2 is again negligible, because of the charge and size constrains (Q1 - R2 = 2.26 Å) 
and at R1 and R2 the probability is the same as in the original model. A situation in which 
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cations occupy sites R1 and Q2 is the most favoured when adjacent cells have to be 
occupied (R1 - Q2 = 3.62 Å).  
On the other hand, Endo et al. (1976) did not observe any displacement for K+ in a 
monoclinic hollandite structure (a = 13.820, b = 2.941, c = 9.772 Å and β = 135°) of the 
synthetic phase K2Cr8O16, which has K
+-O contact distances to the eight coordinating O 























1.3.4 Cations distribution in larger tunnels  
Structures with larger tunnels can host more complex sets of cations as well as water 
molecules. In romanèchite [Ba(Mn4+,Mn3+)5O10·H2O, 2 × 3 framework, A2/m, a = 9.56, b 
= 2.88, c = 13.85 Å, β = 92,5°] the tunnels are occupied by a double row of Ba2+ ions 
shifted by ½ along b, and minor amounts of other cation such as Na+, K+, Sr2+, etc., and 
H2O (Wadsley, 1953) (Fig 1.30). 
 
 
Fig. 1.30 - Projection down b of the romanèchite structure. The tunnels host two equivalent cation sites, 
occupied by Ba and/or H2O. 
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Each tunnel cation is located at the center of a polyhedron formed by ten oxygen 
atoms. These polyhedra are arranged into rows running within the tunnels and are 




Fig. 1.31 - (a) The staggered string of polyhedra. The shared edge link two water molecules. (b) Ba and 
H2O atoms ordering as seen along c. 
 
The shared edge corresponds to the linkage (Ba, H2O) – (Ba, H2O). Since two adjacent Ba 
cations would tend to repel each other, it is unlikely that these occupy the sites along 








disposition of the row would be (being the ratio Ba: H2O ≈ 1:2) (Fig. 1.31b) with Ba as 
the central coordinating cation of the polyedra, and H2O in common to each unit of the 
staggered string.  
More recently, Turner & Post (1988) reported a supercell of romanèchite with a triple b 
tunnel axis (Fig. 1.32). 
 
 
Fig. 1.32 - Precession diffraction patterns parallel to b* showing tripling of romanèchite subcell. 
 
The refinement shows and confirms that the superstructure reflections arise from the 
ordering of Ba and H2O in the tunnel direction. Conversely, the streaking of the 
supercell reflections along the direction normal to b indicates disorder of Ba and H2O 
between tunnels (Fig. 1.33). 
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Fig. 1.33 - Patterns at 90° respect to b* showing that the spots are modulated streaks. 
 
In todorokite [(Na,Ca,K)(Mn4+, Mg)6O12·5H2O, 3 × 3 framework, P2/m, a = 9.77, b = 2.85, 
c = 9.56 Å, β = 94,47°] there are three independent sites within the tunnels, 
predominantly occupied by water molecules (Post & Bish, 1988; Post et al. 2003b). 
Fourier-difference maps and subsequent refinement show  a major tunnel site at (0.36, 
0, 0.35) and a smaller more diffuse area of electron density near (0.69,0.5,0.38) and 
(0.5,0.5,0.5) (Fig. 1.34).  
Structure-energy calculation revealed that probably the first two sites are occupied by 
H2O molecules, and the third one by the tunnel cations (Na, Ca, K) which are 
octahedrally coordinated by molecules occupying the other two tunnel positions (Post 
& Bish, 1988). 
Anyway the difference maps indicate considerable positional disorder on the tunnel 
sites, probably caused by various tunnel contents and configurations of lower-valence 
octahedral cations in different unit cell. The [Mn4+O6] octahedra at the edges of the 
triple chains have larger mean Mn-O distances and probably accommodate the larger 
cations found in todorokite, e.g., Mg2+, Mn3+, Cu2+, Ni2+, etc. 
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Fig. 1.34 - Projection of todorokite structure along b. The black atoms represent H2O at y = 0.5, the red 
ones H2O at y = 0 and the blue one to the cations position. 
 
In woodruffite [Zn2+0.2(Mn
4+,Mn3+)O2·0.7H2O, 3 × 4 framework, C2/m, a = 24.76, b = 
2.85, c = 9.54 Å, β = 93,77°] the tunnels contain four independent H2O molecules and 
two Zn cations: one of them is located at about (0.3,-0.4,0.5), the other one, quite 
oddly, at (0,0,0) within the small 1 × 1 tunnels (Fig. 1.35) (Post et al. 2003a). The former 
are distributed over two parallel rows of sites near the center of the tunnels. The 
chemical analyses and structural refinement revealed that Zn sites are about ⅔ filled 
and weak rows of superstructure reflections suggested some type of cation-vacancy 
ordering among neighbor cells (Post et al. 2003a).  
The occurrence of a partially occupied cation sites within the 1 × 1 tunnels in wodruffite 
represents a somewhat unique situation. In fact, as said above, those tunnels are not 
expected to host any cation, due to their reduced diameter. In woodruffite, the 
incorporation of minor Zn within those sites could be related to cation deficiencies in 
the neighbor octahedral sites. 
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Fig. 1.35 - Projection of woodruffite structure viewed along b. 
 
In fact, that level of occupancy indicates an ordering scheme in a given column of Zn 
cations with every third tunnel site vacant. In this way Zn cations increase their 
separation (from 2.85 to about 3.65 Å) reducing the Zn-Zn repulsion. A very similar 
splitting has been observed for the Pb cation site in coronadite, mentioned above. 
Lastly, in synthetic 2 × 4 and 2 × 5 compounds, the large cavities are filled by Rb+ cations 
distributed over four partially occupied independent sites and variably coordinated by 8 











Chapter II: Minerals of the hollandite supergroup 
2.1 Introduction 
Among the tunnel oxides phases, minerals of the hollandite supergroup are surely the 
most important and common, because of their technological significance ant their 
common occurrence in many geological settings. As already described, minerals of the 
hollandite supergroup are structurally characterized by octahedral walls (2 × 2 
octahedra wide) cross-linked to each other to build up a tunnel structure. On chemical 
grounds, the hollandite supergroup can be divided into two groups depending on the 
dominant tetravalent cation in the octahedral walls: the manganate group (with Mn4+ as 
octahedral cation) and the titanate group (with Ti4+ as octahedral cation). Moreover, the 
minerals belonging to these groups differ to each other depending on the predominant 
tunnel cation species: Ba, K, Pb, Sr, etc.. 
What follows is a chemical and structural description of all the minerals belonging to the 
hollandite supergroup. 
 
2.2 Manganate group 
The best known example among the minerals of the manganate group is hollandite s.s., 
that can be represented by the simplified chemical formula Ba(Mn4+6Mn
3+
2)O16, even 
though wide compositional variability has been reported. The crystal structure of 
hollandite s.s. was first resolved by BystrÖm and BystrÖm (1950) from Weissenberg 
photographs. These authors solved and refined the structure in the I4/m space group 
with cell dimensions: a = 9.96(1), c = 2.86(1) Å. They defined also the atomic position as: 
- 2a or 2b: 0, 0, 0 or 0, 0, 0.5 where Ba2+ is placed; 
- 8h: x, y, 0; -x, -y, 0; -y, x, 0; y, -x, 0 where Mn4+, Mn3+ and the other possible octahedral 
cations are placed. 
The most peculiar feature in the structure is the short Ba-Ba distance of 2.86 Å, only 
slightly more than twice the ionic radius of the Ba2+ ion. Byström & Byström (1950) 
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assumed that the positions 2a or 2b are filled at the 50% level, and that there was still a 
possibility of 25% for Ba ions in adjacent position. Noteworthy, they did not record any 
extra reflections (doubling the c parameters) among the ones defining the 2.86 Å 
periodicity.  
Conversely, Mukherjee (1960) refined two samples of hollandite, both from Kàjilidongri, 
in the monoclinic space group P21/n, with a doubled b axis: a = 10.02, b = 5.76, c =9.89 
Å, β = 90.60° and a = 10.03, b = 5.76, c =9.90 Å, β = 90.70° (the b axis in the monoclinic 
setting corresponds to the c axis in the tetragonal setting; in both cases it is the 
direction in which tunnels develop). 
A more precise refinement was carried out by Post et al. (1982), who actually showed 
that the hollandite s.s. structure is monoclinic, space group I2/m, with a = 10.026(3), b = 
2.8782(7), c = 9.729(3) Å and β = 91.03°(2). They claimed that the symmetry of 
hollandite s.s., as well as other hollandite type structure compounds, depends on the 
ratio of the average ionic radius of the octahedral cations with respect to that of the 
tunnel cations (see par. 1.3.1, chap. I). In those structures in which the ratio is > 0.48, 
the volume decreases, the structure deforms and as a result a slight lowering of the 
symmetry occurs (from tetragonal to monoclinic). 
Cryptomelane is analogous to hollandite, from which it differs only for the tunnel 
cation, namely, K+ instead of Ba2+. Its ideal formula is [K(Mn4+7Mn
3+)O16]. The crystal 
structure of cryptomelane was first solved by Mathieson & Wadsley (1950), who, 
through Weissenberg photographs, initially found a body-centered tetragonal cell, 
space group I4/m, a = 9.82, b = 2.86 Å; subsequently they better refined the cell in the 
monoclinic space group I2/m, a = 9.79, b = 2.88, c = 9.94 Å and β = 90.62°. A more 
recent refinement was carried out by Post et al. (1982) in the space group I2/m with a = 
9.956, b = 2.8705, c = 9.706 Å and β = 90.95°.  
Anyhow, the structure of a synthetic compound chemically identical to cryptomelane 
was refined at room temperature in the tetragonal space group I4/m [a = 9.866(3), c = 
2.872(1) Å] (Vicat et al., 1986). 
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A structural transformation of cryptomelane at 710°C has been observed by Kudo et al. 
(1990). At this temperature, cryptomelane transforms from a tetragonal to a monoclinic 
form, with an increase of tunnel site occupancy from 68% to 86% (due to the migration 
of cations along the tunnel). Moreover Kudo et al. (1990) observed that in the 
monoclinic form the Mn(2) octahedral site has a greater distortion than in the 
tetragonal form; probably this is related to the partial reduction from Mn4+ to Mn3+ 
associated with the higher occupancy of the tunnel cations for charge balance 
requirements (Mn3+ octahedra are usually more distorted than Mn4+ octahedra, due to 
the Jahn Teller effect).   
Coronadite is the plumbous analogue of cryptomelane and hollandite 
[Pb(Mn4+6Mn
3+
2)O16]. Post & Bish (1989) refined the structure of two samples of 
coronadite (from Morocco and Australia) by Rietveld method. Both samples have 
monoclinic symmetry and space group I/2m, confirming the basic features of the 
hollandite structure. The refined unit cells parameters are:  a = 9.938(2), b = 2.8678(5), c 
= 9.834(2) Å, β = 90.39(2)° (Morocco) and a = 9.913(1), b = 2.8652(4), c = 9.843(1) Å, β = 
90.20(1)° (Australia). 
 
Manjiroite is a rare mineral first described by Nambu & Tanida (1967) and it is the 
sodium analogue of hollandite [Na(Mn4+7Mn
3+)O16]. The unit cell parameters were 
refined in the tetragonal space group I4/m to a = 9.916, c = 2.864 Å. No structural data 
are available for manjiroite.  
 
Strontiomelane is the Sr-dominant analogue of hollandite and has ideal chemical 
formula Sr(Mn4+6Mn
3+
2)O16. Compared to Ba
2+ and K+, the ionic radius of Sr2+ is smaller. 
Its presence as a major host in the tunnel of the structure is assumed to produce a 
major distortion of the octahedral walls, with concurrent lowering of the symmetry 
from tetragonal to monoclinic (Zhang & Burnham 1994). Strontiomelane has a doubled 
b parameter, and space group P21/n, a = 10.00(1), b = 5.758(7), c = 9.88(1) and β = 
90.64(6)° (Meisser et al., 1999). No structural data are available for strontiomelane. 
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2.3 Titanate group 
Among titanium oxides with 2 × 2 tunnel structure, priderite is the most common. This 
mineral is a close analogue of cryptomelane, with Ti4+as octahedral cation instead of 
Mn4+. The simplified chemical formula is K(Ti4+7Fe
3+)O16, therefore the charge balance is 
achieved through the partial substitution of Ti4+ with Fe3+. The 3+ oxidation state of iron 
in priderite was confirmed by MÖussbauer spectroscopy by Pring & Jefferson (1983) and 
by McCammon et al. (1999). However a compound related to priderite and with 
octahedral Fe2+ in place of Fe3+ has been synthesized at high pressure by Foley et al., 
(1994). 
The crystal structure of priderite was refined almost contemporaneously by Sinclair & 
McLaughin (1982) and by Post et al. (1982). The structure is tetragonal, I4/m, with unit 
cell parameters a = 10.140(1), c = 2.965(1) Å and a = 10.139(2), c = 2.9664(9) Å, 
respectively. 
Redledgeite is a rare mineral belonging to the titanate subgroup. Its simplified chemical 
formula is Ba(Ti4+6Cr
3+
2)O16; minor substitution by V
3+ and Fe3+ occurs, too, within the 
octahedra. Although the mineral is not common, synthetic redledgeite has particular 
interest because of its emerging use as an ecologically sustainable phase for the 
disposal of heavy-metal waste (White et al., 1995). 
The crystal structure of redledgeite was first solved by Gatehouse et al. (1986) in the 
monoclinic space group I2/m; the given atomic positions actually do not deviate greatly 
from tetragonal symmetry. In fact, a relatively high residual (R = 0.063, Rw = 0.074) was 
obtained. A more precise and recent refinement was carried out by Foley et al. (1997). 
They did not observe superlattice reflections of the type noted by Gatehouse et al. 
(1986), and the results of precession study and single crystal X-ray diffraction studies 
were compatible with the tetragonal symmetry, space group I4/m, a = 10.1500(1), c = 
2.9520 (5) Å. The R factor decreases considerably to R = 0.015 and Rw = 0.019.  
Mannardite, Ba(Ti4+6V
3+
2)O16∙H2O, was first described by Scott & Peatfield (1986). Its 
crystal structure has been refined in the space group I41/a, with a = 14.356(4), c = 
5.911(3) Å, Z = 4. Although topologically identical to hollandite, the structure of 
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mannardite has been described with a larger unit cell, with the c parameter multiplied 
by 2 and the a parameter by √2, possibly as the result of intertunnel ordering of Ba and 
H2O. Later on, the crystal structure of mannardite has been refined by Szymansky 
(1986) in the same space group (I41/a), a = 14.357(2), c = 5.908(1) Å. The doubling of the 
c axis was indicated by weak but sharp reflections observed in the precession 
photography.  
Lastly, Bolotina et al. (1992) mentioned a further sample of mannardite with a quintuple 
c parameter, space group I4 and unit cell a = 10.071 and c = 14.810 Å. 
Ankangite was first described by Xiong et al. (1989) as a mineral very similar to 
mannardite. The only difference between mannardite and ankangite is the absence of 




2)O16]. The structure has been refined in the space 
group I4/m, with a = 10.118(1), c = 2.956 (3) (Xiong et al., 1989). A similar unit cell was 
found by Biagioni et al. (2009) [I4/m, a = 10.142(1), c = 2.9533 (3)]. Moreover, 
oscillation photographs, taken along [001], showed weak diffractions at about 1/2.27 
c*, interpreted as a one-dimensional incommensurate modulation (Xiang et al., 1990; 
Wu et al., 1990). According to the latter authors, the formation of an incommensurately 
modulated structure in ankangite is due to the existence of vacancies and to the 
displacement of Ba ions within the tunnels. In this respect Shi et al. (1991) proposed for 
ankangite a supercell 14 times longer than the basic 3 Å subcell [a = 10.126(4), c = 
41.41(2) Å], and space group P4/m.  
The existence of two distinct mineral species such as mannardite and ankangite is a bit 
odd. These two minerals differ only in the water content, but, as mentioned above, the 
water content should not be considered as a discriminant factor between mineral 
species of the hollandite supergroup. Anyway, this aspect will be discussed in detail 
elsewhere (see par. 3.4.4, chap. III). 
Henrymeyerite is a rare Ba-Fe2+ member of the titanate subgroup [Ba(Ti4+7Fe
2+)O16]. Its 
crystal structure has been refined by Mitchell et al. (2000) in the space group I4/m with 
a = 10.219(3), c = 2.963 (1) Å. The structure of henrymeyerite seems to correspond to 
the undistorted hollandite archetype; no indication of splitting of the Ba site along [001] 
was observed until now (Mitchell et al. 2000). 
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In Table 2.1 the different unit-cell parameters of the minerals of the hollandite 
supergroup are summarized. 
 
Table 2.1 – Unit-cell parameters of the minerals of the hollandite supergroup. 























a = 9.96, c = 2.86 Å 
a = 10.02, b = 5.76, c = 9.89 Å, β = 90.60° 







a = 9.82, c = 2.83 Å 
a = 9.79, b = 2.88, c = 9.94 Å, β = 90.62° 
[5] 
[6] 
Manjiroite I4/m a = 9.916, c = 2.864 Å [7] 




















a = 10.135, b = 2.95, c = 10.129 Å, β = 91.03° 






a = 14.357, c = 5.908 Å 






a = 10.126, c = 41.41 Å 
a = 10.142, c = 2.953 Å 
[13] 
[14] 
Henrymeyerite I4/m a = 10.219, c = 2.963 Å [15] 
 
[1] Post & Bish (1989). [2] Byström & Byström (1950). [3] Mukherjee (1960). [4] Post et al. (1982). 
[5] Richmond & Fleisher (1942). [6] Mathieson & Wadsley (1950). [7] Nambu & Tanida (1967). [8] 
Meisser et al. (1999). [9] Gatehouse et al. (1986). [10] Foley et al. (1997). [11] Szymański (1986). 









Chapter III: Nomenclature adjustments in minerals of the hollandite 
supergroup 
 
3.1 Foreword: Since the content of this chapter deals with nomenclature issues, prior of 
the pubblication, it has been submitted to the Commission on New Minerals, 
Nomenclature and Classification of the International Mineralogical Association 
(proposal IMA # 11-F). The proposal has been commented by the members of the 
CNMNC, revised and eventually voted and approved. 
 
3.2 Introduction  
Working with the minerals of the hollandite supergroup, we realized that, from a 
chemical point of view, as well as from a nomenclature standpoint, there were a 
number of oddities. Based on the concept that a mineral is considered a distinct species 
according to its principal chemical costituent and crystallographic properties, we 
decided to revise the current and controversial classification of the minerals of the 
hollandite supergroup. 
The hollandite supergroup, as just mentioned, includes different manganese and 
titanium oxides, with 2 × 2 tunnel structure.  
According to the dominant octahedral cation M4+, the supergroup can be divided in two 
groups:  
- the coronadite group, with Mn4+ as dominant octahedral cation; 
- the priderite group, with Ti4+ as dominant octahedral cation. 
Besides, the nomenclature of all the members of the supergroup should depend on 
both the dominant tunnel cation (A+ or A2+, called DTC) and the dominant charge-
compensating octahedral cation (M3+, or more rarely M2+, called DCCC) that partially 
substitutes for the tetravalent cations (Mn4+ and Ti4+) in the octahedra. 
According to the current definition, all those minerals differing in the DCCC should be 
considered as distinct mineral species (Hatert & Burke, 2008). In fact those cations, 
although subordinate at their site, are essential for the charge-balance and for writing 
the simplified chemical formula. 
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The rule that each combination of DTC and DCCC corresponds to a distinct mineral 
species was not well followed in the past IMA (International Mineralogical Association) 
classification of the hollandite minerals (Tab. 3.1) 
 
 
Tab. 3.1 - The old IMA classification of minerals of the hollandite supergroup (source: Nickel & Nichols: 



















As clear from the above table, for some of the minerals of the group (e.g. hollandite s.s., 
mannardite, priderite etc.) a clear definition of the end-member formula is lacking, 
causing a substantial confusion in the identification of the single species: in some of the 
above formulae it is not clear which are the DTC and the DCCC. 
Therefore, a re-definition of the end-member formula, based on the original description 
of type mineral was necessary. 
 
 
Name DTC DCCC Formula (IMA list) 
Coronadite Pb2+ Mn3+ Pb(Mn4+)2(Mn
2+)6O16 
Cryptomelane K+ Mn3+ K(Mn4+,Mn2+)8O16 
Hollandite Ba2+ Fe3+ (Ba,K,Ca,Sr)(Mn4+,Mn3+,Ti,Fe3+)8O16 
Manjiroite Na+ Mn3+ Na(Mn4+,Mn2+)8O16×nH2O 
Strontiomelane Sr2+ Mn3+ (Sr,Ba,K)Mn8O16 
Ankangite Ba2+ V3+ Ba(Ti,V3+)8O16 
Henrymeyerite Ba2+ Fe2+ BaTi7Fe
2+O16 
Mannardite Ba2+ V3+ Bax(Ti8-2x(V
3+)2xO16×2-xH2O 
Priderite K+ Fe3+ (K,Ba)(Ti4+,Fe3+,Mg)8(O,OH)16 
Redledgeite Ba2+ Cr3+ BaxCr2x(Ti
4+)8-2xO16 
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3.3 Recalculation of the ideal chemical formula  
 
For the correct treatment of the analytical data, and for the definition of the simplified 
chemical formula of each mineral of the hollandite supergroup, some unifying rules 
must be adopted for the recalculation of the chemical formulae. These rules are 
described in this chapter and have been adopted throughout this study, for the 
recalculation of both literature analyses (accurately revised) and our new microprobe 
data. 
Several chemical analyses of both types, manganate and titanates members, all 
recalculated with the following chemical rules, are reported in Appendix II. 
In the lack of any direct indication of the valence state of octahedral cations by 
spectroscopy methods, especially of manganese and iron, we used the method 
previously adopted for several minerals of the hollandite supergroup, i.e., to recalculate 
the analytical data on the basis of 8 total octahedral cations and 16 oxygen atoms per 
formula unit (pfu). 
Practically, when all Mn is given as MnO2 (Mn
4+) and all Fe as Fe2O3 (Fe
3+), 8 octahedral 
cations should result in more than 32 positive charges, and the charge-balance could be 
achieved by partitioning total Mn content between Mn4+ and Mn3+. In some cases within 
the priderite group, were Ti4+ is the octahedral cation and there is no manganese, the 
charge-balance can be obtained by partitioning total Fe between Fe3+ and Fe2+. It would 
be impossible to correctly handle analytical data having both manganese and iron in 
two different oxidation states. However this event did not ever happen in any of the 
studied samples (in other words, Mn-bearing hollandite-supergroup minerals do not 
contain any Fe, and vice versa). In some of the older literature analyses, total Mn was 
splitted between MnO2 and MnO (Mn
2+). Anyway, it is accepted today that the reduced 
state of Mn in all minerals of hollandite supergroup is Mn3+ and not Mn2+ (Post et al., 
1982). Therefore those literature analyses have been recalculated accordingly. 
In the particular case in which the total positive charges are less than 32 and all Mn and 
Fe are in their higher valence states, the charge-balance can be achieved by minor 
substitution of O2- by (OH)-.  
In some analyses a better match between total positive and negative charges is 
achieved by some extra tunnel cations with respect to the formal value of 1 apfu; e.g., 
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Foley et al. (1997) suggested a maximum Ba of 1.33 apfu in redledgeite and Post & Bish 
(1989) showed that structures with monovalent cations in the tunnel might reach 1.3 – 
1.5 atoms per unit cell. 
The ideal chemical formula of the minerals of hollandite supergroup (based on the 
valence state of DTC and DCCC) should be either of the following ones: 
1) If the DTC has charge 2+: A2+(M4+6M
3+
2)O16 or more rarely A
2+(M4+7M
2+)O16; 
2) If the DTC has charge 1+: A+(M4+7M




where A2+ = Ba, Pb, Sr; A+ = K, Na; M4+ = Mn, Ti; M3+ = Mn, Fe, Cr, V; M2+ = Fe. 
Another point which deserves some attention is the water content of the hollandite 
supergroup minerals. Formally, all but two minerals of the group are anhydrous. The 
two minerals whose formula includes H2O are manjiroite (Nambu & Tanida, 1967) and 
mannardite (Scott & Peatfield, 1986). However minor water contents has been detected 
in many other members of the hollandite supergroup, such as coronadite (Lindgren & 
Hillebrand, 1904; Post & Bish, 1989), cryptomelane (Richmond & Fleisher, 1942), and 
hollandite s.s. (Bystrom & Bystrom, 1950; Frondel et al., 1960; Miura, 1986). 
In the light of the "zeolitic" character of the water in the tunnel oxides, H2O molecules 
should not be regarded as an essential component. Therefore, the presence or the lack 
of water molecules should not represent a discriminant between two distinct species. 
As mentioned above, mannardite and ankangite are problematic in this respect.  
The name of the supergroup was chosen on the basis of the most widespread and 
known member of the supergroup itself, which is hollandite. The names of the two 
groups, instead, was chosen on the basis of the mineral that was first described among 
the others members of each group: coronadite, which is the first example of 
manganese-bearing hollandite supergroup mineral ever described (1904), gives the 
name to the manganate group; priderite, which is the first example of titanium-bearing 











3.4 Minerals of the hollandite supergroup: coronadite group 
3.4.1 Coronadite 
Coronadite was first described by Lingred & Hillebrand (1904). It was found in the 
Cliffort-Morenci copper district (Arizona, USA) as a dark metallic and fibrous mineral 
intimately intergrown with quartz and decomposing in limonite.  A preliminary 
examination confirmed that it contained the oxides of lead and manganese. The 
chemical analysis on type material (Lingred & Hillebrand, 1904) (Tab. 1.1(1) in Appendix 
II) was recalculated according to the above mentioned rules and conforms with the 
ideal chemical formula Pb(Mn4+6Mn
3+
2)O16; Chemical analyses of further samples of 
coronadite from literature are listed in Tab. 1.1(2a,2b). The crystal structure has been 
refined in the space group I2/m by Post & Bish (1989). 
 
3.4.2 Hollandite 
Hollandite was first described by Fermor (1906). It has been found in crystalline form in 
quartz-veins cutting the manganese-ore deposit at Kàjilidongri, Jhàbua State, Central 
India. The mineral is greyish-black or black with a shining metallic lustre. Moreover, 
Fermor (1906) found a similar mineral in the manganese-ore deposit of Sitapàr, 
Chindwàra district, Centra lndia. Hollandite from Kajilidrongi has Ba2+ as DTC and Fe3+ as 
DCCC. Hollandite with Fe3+ as DCCC has been also reported from Stuor Njuoskes, 
Ultevis, Sweden (Post et al., 1982), the Sanbagawa metamorphic belt, Japan (Enami & 
Banno, 2001) and from few other localities. Hollandite having Mn3+ as the DCCC is much 
more common (Gowari Wadhona, India; Miura 1986; Sausar Group, India; Miura et al., 
1987; Cerchiara mine, Northern Appennines, Italy; Cabella et al., 1992; Apuan Alps, Itay; 
Franceschelli et al., 1996). 
Therefore, two different species exist in the literaute, both under the name 
“hollandite”, having Mn3+ and Fe3+ as DCCC, respectively. 
Although for priority reasons the name hollandite should be reserved to the Ba-Fe3+ 
end-member of the coronadite group, in recognition to the fact that the name 
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"hollandite" leads one to think to a “manganese oxide” and that the name has been 
widely used by the mineralogical community to describe the more common phase 
having Mn3+ as DCCC, we proposed to adopt the name hollandite for the Ba-Mn3+ end-
member [Ba(Mn4+6Mn
3+
2)O16], and to introduce the closely related name ferrihollandite 
for the Ba-Fe3+ member [Ba(Mn4+6Fe
3+
2)O16]. 
We also proposed to consider the specimen of hollandite described by Miura (1986) 
from Gowari Wadhona, India, as the neotype specimen of hollandite. Therefore, both 
hollandite and ferrihollandite will have the type locality in the same country, India. 
The analyses from this study and from literature of ferrihollandite from Vagli have been 
recalculated and listed in Tab 1.2 in Appendix II. 
As already mentioned the crystal structure of hollandite has been solved first by 
BystrÖm and BystrÖm (1950) in the space group I/4m and refined by Post et al. (1982) in 
the space group I2/m. 
 
3.4.3 Cryptomelane 
The name cryptomelane has been introduced by Richmond & Fleisher (1942), who 
characterized as a distinct mineral species material previously called with the generic 
name "psilomelane", term that included several manganese oxides as braunite, 
hausmannite, pyrolusite, romanèchite, etc.. Psilomelane is today a discredited name. 
The authors analyzed four samples, from four different states of the USA. Those 
samples were chemically different in the M site population, but all have K+ as DTC. The 
sample from Deming (New Mexico) and from Philipsburg (Montana) have Mn3+ as DCCC 
[Tab. 1.3, (1a,b) in Appendix II]. The sample from Mena (Arkansas) [Tab. 1.3 (1c) in 
Appendix II] has Fe3+ as DCCC, and the sample from Tombstone (Arizona) has Zn2+ as 
DCCC [Tab. 1.3 (1d) in Appendix II]. Because the majority of the cryptomelane 
occurrences known in literature since the original description have Mn3+ as DCCC, it 
seems appropriate to re-define as "cryptomelane" the K-Mn3+ end-member of the 
coronadite group, with ideal chemical formula K(Mn4+7Mn
3+)O16. The sample from Mena 
(with Fe3+ as DCCC) and the sample from Tombstone (with Zn2+ as DCCC), could be 
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3+)O16 respectively. Moreover, Fe-
cryptomelane is also known from the Sausar Group, India [Tab. 1.3 (2a,b) in Appendix II] 
(Miura et al., 1987). Our EMP analysis of cryptomelane from Montalto di Mondovì, 
Piedmont, Italy, is listed in Tab. 1.3, (3) in Appendix II. 
As already mentioned, the crystal structure of cryptomelane has been solved by Post et 
al. (1982) in the space group I2/m. 
 
3.4.4 Manjiroite 
The only available information about manjiroite is from Nambu & Tanida (1967), who 
described this mineral as dense compact masses with marked conchoidal fracture, dark 
brownish-gray colour and luster dull. The mineral was found in the Kohare mine, Iwane 
Prefecture, Japan. Not considering the water content as an essential component (see 
above), its ideal chemical formula is Na(Mn4+7Mn
3+)O16  [Tab. 1.4 (1a,b) in Appendix II]. 
Structurally manjiroite is tetragonal, space group I4/m (Nambu & Tanida, 1967). 
 
3.4.5 Strontiomelane 
Strontiomelane was first described by Meisser et al. (1999). It occurs as small anhedral 
inclusion (about 100 - 200 µm) and veinlets associated with other manganese oxides 
and quartz; crystals are black with a submetallic luster. The type locality is the Praborna 
mine, St. Marcel, Aosta Valley, Italy. Its ideal chemical formula is Sr(Mn4+6Mn
3+
2)O16.  
The analyses of strontiomelane have not been recalculated because Mn was already 
splitted between MnO2 and Mn2O3 by Meisser et al., 1999). 








3.5 Minerals of the hollandite supergroup: priderite group 
3.5.1 Priderite 
Priderite was first described by Norrish (1951) as a mineral similar to rutile from the 
Kimberley district, Western Australia. It occurs as rectangular and black prisms with 
adamantine luster. It is the K-Fe3+ end-memeber of the titanate group [K(Ti4+7Fe
3+)O16]. 
The structure of priderite was refined from several authors as tetragonal, space group 
I4/m (Norrish, 1951; Sinclair & McLaughlin, 1982; Post et al., 1982). 




Redledgeite was first discovered by Gordon & Shannon (1928) who wrongly defined it 
as Cr-variety of rutile (chromrutile, today discredited). Subsequently chromrutile was 
redefined as the new mineral species redledgeite by Strunz (1961). The type locality is 
Red Ledge mine, California, USA. 
Its ideal chemical formula is Ba(Ti4+6Cr
3+
2)O16, the Ba-Cr
3+ end-member of the priderite 
group. The redledgeite analyses from literature have been recalculated and listed in 
Tab. 1.6 in Appendix II. Structure refinements have been carried out in both the 





Mannardite was first described by Scott & Peatfield (1986). It was found as euhedral 
black crystals in quartz-carbonate veins on the Rough Claims, British Columbia, Canada. 




Actually, disregarding the water content for the reason already explained, the formula 
of mannardite could be written as Ba(Ti4+6V
3+
2)O16 as well. Chemical recalculations of 
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mannardite analyses from literature are listed in Tab. 1.7 in Appendix II. Structurally 
mannardite is tetragonal, with a 2c axis along the tunnel; often, mannardite displays 
different multiple c parameters.  
 
3.5.4 Ankangite 
Ankangite was first described by Xiong et al. (1989). It was found in the Shiti Ba deposit, 
Ankang County, Shaanxi Province, China. It occurrs as black euhedral or subhedral 
tetragonal prismatic crystal; its streak is greyish-black and luster is vitreous to 
adamantine.  
Ankangite is identical to mannardite in its chemical composition [Ba(Ti4+2V
3+
2)O16] (Tab 
1.7, analyses (2) and (3) in Appendix II). The only difference between the two minerals is 
the formal absence of H2O molecules in the latter. Ankangite differs from mannardite 
even in the length of the c parameter, which is doubled in mannardite (Xiong et al., 
1989; Biagioni et al., 2009). 
Structurally ankangite is tetragonal; similarly to mannardite, also ankangite is 
characterized by multiple c parameters.  
Since the multiple character of c axis lenght as well as the water content in the 
hollandite group minerals are not discriminant factors between two distinct species, 
ankangite should not be considered as a distinct mineral species. Our proposal to 
discredit the mineral has been approved by the IMA Commission on New Minerals, 
Nomenclature and Classification. Hence, ankangite is no more a valid mineral, but 
merely a variety of mannardite. 
 
3.4.5 Henrymeyrite 
Henrymeyerite is the last entry in the hollandite supergroup; it was first described from 
the Kodvor mine, Kola Peninsula, Russia, as a black opaque mineral, with an adamantine 
luster (Mitchell et al., 2000). Henrymeyerite is the only mineral of the hollandite group 
which has a divalent cation as DCCC [Ba(Ti4+7Fe
2+)O16]. The henrymeyrite analyses from 
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literature have been recalculated and listed in Tab. 1.8 in Appendix II. Henrymeyerite is 
known to occur also at other localities, where it was wrongly described as a Ba-Fe 
priderite, (i.e. Mitchell & Mayer, 1989; Wagner & Velde, 1986). Its identification as 
henrymeyerite was made possible based on our chemical recalculation [Tab. 1.8(2) in 
Apppendix II]. Its crystal structure has been refined in the space group I4/m (Mitchell et 
al., 2000). 
 
3.6 Potential new mineral species in the hollandite group 
Beside the new species related to cryptomelane mentioned above, K(Mn4+7Fe
3+)O16 and 
K(Mn4+7.5Zn0.5
2+)O16, an accurate revision of literature data reveals that other minerals 
should deserve the status of new mineral species within the hollandite supergroup (Tab. 
1.9 in Appendix II): 
1) Zhuravleva et al. (1978) described the Ba-Fe3+ member of the priderite group from 
the Kovdor carbonatite complex (Russia). Later, other occurrences of the same phase 
were reported (e.g., Reguir et al., 2003). According to Mitchell et al. (2000), the 
existence of a wide range of compositions in priderites suggests the existence of two 
barium end-members, namely BaTi7Fe
2+O16 (i.e. henrymeyerite), and BaTi6Fe3+2O16.  
2) Mitchell & Lewis (1983) described the K-Fe2+ member of the priderite group, 
occurring in a peridotite from Prairie Creek, Arkansas, USA. The same phase was also 
found at the Catalão I carbonatite complex, Goiás State, Brazil (Gaspar et al., 1994) and 
at the Star mine, Winburg district, South Africa (Mitchell & Meyer, 1989). 
3) Mitchell & Haggerty (1986) described the K-V3+ member of the priderite group, 
occurring in a kimberlite from New Elands, South Africa.  
4) Jacques et al. (1989) described the K-Cr3+ member of the priderite group, occurring at 
the Argyle lamproite, Western Australia. The same phase was also described in the 
Mengying kimberlite, Shandong Province, China (Zhou & Lu, 1994).  
 
67





3.7 New classification of the minerals of hollandite supergroup 
Ideal end-member formulae of the existing and potentially new mineral species of the 
hollandite supergroup are summarized in Table 3.2; dominant tunnel cation (DTC) and 
dominant charge-compensating cation (DCCC) for each mineral species are also 
indicated. 
 




















Coronadite Pb2+ Mn3+ Pb(Mn4+6Mn
3+
2)O16 
Ferrihollandite Ba2+ Fe3+ Ba(Mn4+6Fe
3+
2)O16 
Hollandite Ba2+ Mn3+ Ba(Mn4+6Mn
3+
2)O16 
Cryptomelane K+ Mn3+ K(Mn4+7Mn
3+)O16 
Manjiroite Na+ Mn3+ Na(Mn4+7Mn
3+)O16 
Strontiomelane Sr2+ Mn3+ Sr(Mn4+6Mn
3+
2)O16 
New root name K+ Fe3+ K(Mn4+7Fe
3+)O16 

















Priderite K+ Fe3+ K(Ti4+7Fe
3+)O16 
Redledgeite Ba2+ Cr3+ Ba(Ti4+6Cr
3+
2)O16 
Mannardite Ba2+ V3+ Ba(Ti4+6V
3+
2)O16 
Ankangite (discredited) Ba2+ V3+ (= mannardite) 
Henrymeyerite Ba2+ Fe2+ Ba(Ti4+7Fe
2+)O16 
New root name Ba2+ Fe3+ Ba(Ti4+6Fe
3+
2)O16 
New root name K+ Fe2+ K(Ti+7.5Fe
2+
0.5)O16 
New root name K+ V3+ K(Ti4+7V
3+)O16 
New root name K+ Cr3+ K(Ti4+7Cr
3+)O16 
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Chapter IV: Cation displacement in minerals of the hollandite supergroup 
4.1 Introduction 
Structural refinements of many 2 x 2 tunnel oxides compounds (hollandite supergroup 
minerals) show that the tunnel cations often display positional disorder. As already 
mentioned, in hollandite s.l. structures the tunnel cations (A) could occupy special 
position [(0,0,0) or (0,0,1/2)] but in many cases are displaced off the special position 
along the tunnel direction. In fact, A cations typically show high anisotropic 
displacement parameters parallel to the tunnel elongation, suggesting positional 
disorder. 
Several authors justified the cations displacement in different ways: in their study, 
Sinclair et al. (1980) proposed that A cation is displaced off the special position so as to 
increase the A-A distances within a tunnel, thereby reducing repulsive interactions. Post 
et al. (1982) suggested that the displacement may be related to the small dimensions of 
these cations, which prefer positions closer to the wall oxygen atoms, and thus the 
magnitude of the displacement ought to be a function of the size of tunnel cation. In 
priderite, e.g., A cations = K, Ba, Sr, Pb, the smaller tunnel cations (Sr and Pb) were 
assigned to satellite sites [(0,y,0) or (0,0,z) depending on the crystal system], displaced 
off the special position, but the larger cations (K and Ba) were located in the special 
position (0,0,0). Both Post et al. (1982) and Sinclair et al. (1980) also suggested that the 
position of any given tunnel cation is affected by the tunnel contents in the neighbor 
and next-neighbor cells, accounting further for some of the positional disorder. 
Moreover, more recent studies using structural-energy calculation (Post & Burnham, 
1986) revealed that different local framework-cation configurations lead to variations in 
the positions for the A-site. In amphiboles (A0–1B2C5T8O22(OH, F, Cl)2, which contain A
+ 
cations in large cavities, formally with a 12-fold coordination (similarly to hollandite s.l.), 
the minimum-energy positions for the A-cations (Docka et al., 1987) also depend on the 
surrounding framework cations. A similar behaviour is observed for Na in high albite 
(Post & Burnham, 1984) 
As it is already known, hollandite-supergroup minerals with large divalent A cation (such 
as Ba2+) generally have tunnel occupancy close to 50% (i.e., one tunnel cation per unit 
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cell), but in minerals with Na+ and/or K+ as major tunnel cations the tunnel sites are 
usually ca. two-thirds filled (i.e., 1.3 - 1.5 tunnel cations per unit cell). This suggests two 
kinds of sequences: one in which every second A1 site is empty, the other characterized 
by the sequence A2b-A2a-vacancy (see par. 1.3.3, chap. I). 
Obviously, these two sequences are simplified models of the effective cationic 
distribution inside the tunnels, and not necessarily either of them is observed within a 
single tunnel. It is also possible that both coexist, and the sequence could change within 
a single tunnel along its direction, leading to other possible types of sequences. 
However, in this thesis, the description of the tunnel distribution has been made on a 
statistical basis, by means of schematic models.  
In what follows a series of structural refinements of hollandite supergroup minerals, 
with monovalent and divalent cations inside the tunnels (corresponding, at least 
formally, to an overall site occupancy ranging from 50 to 66%), are presented, with the 
aim to observe the cations distribution in natural samples and to compare our data with 
literature data in this respect.  
Among the samples studied three are cryptomelanes, [K(Mn4+7Mn
3+)O16], two are 
hollandites s.s. [Ba(M,n4+6Mn
3+





one is mannardite, [Ba(Ti4+6V
3+)O16]. Almost all the samples were refined with a single 
cell (c or b axis ≈ 2.9 Å), space group I/4m or I2/m, depending on the monoclinic or 
tetragonal structure. Two samples of ferrihollandite (from Kàjilidongri and Vagli) were 











4.2 Cryptomelane from Montalto di Mondovì 
4.2.1 Geological outline 
Cryptomelane from Montalto di Mondovì belongs to a Fe-Mn deposit of the Corsaglia 
Valley, in Ligurian Briançonnais Domain (Fig. 4.1a,b) and was sampled in the localities 
Frazze and Rocconi, near Borgata Oberti, mined for iron in the 19th Century. Fe-Mn ore 
occurs in quartz arenites and adjoining marbles in layers and, subordinately, in 
mineralized veins with sinuous to irregular shape. The mineralization consists of 
cryptomelane minerals (Fig. 4.2)  hematite  braunite, with variable amounts of 
quartz, calcite, Mn- and Fe-rich phengite and aegirine (Cabella et al., 1999). The primary 
origin of Fe and Mn enrichments, however, is still doubtful because of the pervasive 
metamorphic overprint. Nevertheless, on the basis of geological and stratigraphic 
constraints, the deposition of Mn and Fe presumably took place in a shallow basin 
during the upper Jurassic transgression (Cabella et al., 1992). As shown by Roy (1992), 
the source of Mn and Fe may be multiple, such as terrigenous input and distal transport 









Fig. 4.1 - (a) Location map of the Corsiglia Valley sequence. (b) Stratigraphic sequence of Corsaglia Valley. 
After Cabella et al. (1999). 
 
 
Fig. 4.2 - Cryptomelane crystal from Montalto di Mondovì  
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Three fragments of cryptomelane have been selected and analyzed through both 
SEM/EDS and EMP analyses. SEM/EDS and EMP instrumental description and operating 
conditions (the same for all analyzed samples) are reported in Appendix I. 
The results of SEM/EDS and EMP analyses are reported Tab. 2.1a,b in appendix III. 
Chemical data from EMPA suggest the following formula for cryptomelane from 














The Mn4+/Mn3+ ratio, for all the samples, has been calculated on the basis of 8 total 
octahedral cations and 16 oxygen atoms per formula unit (pfu) (see par. 3.3, chap. III) 
 
4.2.2 Structural refinement  
A prismatic cleavage fragment of cryptomelane (0.40 × 0.20 × 0.10 mm) was mounted 
on a Bruker AXS diffractometer (Single-Crystal X-ray techniques and instrumental 
settings are described in Appendix I). The unit cell parameters were refined in space 
group I2/m to a = 9.924(3), b = 2.8675(8), c = 9.781(3) Å and β = 90.543(5)°. Intensity 
data were collected up to = 70°. A total of 2757 reflections were collected, which were 
reduced to a set of 687 unique reflections (Rint = 0.0137). Lorenz-polarization and 
absorption correction have been applied using APEX2 software package programs 
[Bruker AXS Inc. (2004)]. Structural refinement and data-collection information are 
reported in Tab. 3.1 in Appendix IV. 
Precession images, obtained through APEX2 software have been taken with the b axis as 
the rotation axis, and showed, in addition to the strong X-ray reflections that indicate a 
tunnel axis (b axis) periodicity of 2.9 Å, also extra diffuse spots (the so-called 
"superstructure reflections") between them, indicating positional disorder relative to 
the tunnel cation sites (Fig. 4.3). However those reflections are too low to be extracted 
and used in the refinement process. 
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Fig. 4.3 - Reconstructed precession photograph (hk0) showing weak additional diffuse spots in between 
the rows (red arrows). In the red box one image from the collected frames used for the determination of 
the unit cell is reported.  
 
The structure was solved using direct methods through the SHELX-97 package of 
programs (Sheldrick, 2008). The atomic coordinates we obtained were then compared 
with those of cryptomelane by Post et al., (1982). Full matrix least-square refinement 
with anisotropic temperature factors was performed to obtain a R factor of 0.0286 for 
677 unique reflections with Fo > 4σ(Fo) (wR2 =  0.0772,  GooF = 1.296). The atomic 
scattering factors were taken from the International Tables for X-ray Crystallography 
(1974). 
Table 3.2a in Appendix IV reports the positional parameters, the refined occupancies, 
the number of atoms per formula unit and the equivalent isotropic displacement 
parameters for each atoms and table 3.2b in Appendix IV gives the anisotropic 
displacement parameters. Table 3.3 in Appendix IV, gives selected interatomic bond 
distances. 
74




The difference Fourier synthesis revealed the presence of a satellite K site (K2) at 
(0,0.78,0) slightly displaced along the b axis from K1 site, located at the inversion center 
(0,0,0). Approximately 10% of K+ is shifted from (0,0,0) to the satellite cation site K2 
(0,0.78,0). The occupancy at the M sites (octahedral sites), mainly filled by Mn4+, Mn3+ 
and Fe3+, was fixed according to the chemical data.   
As it is known, the 2 × 2 tunnel structures with monovalent cations in the tunnel reach 
1.3 – 1.5 atoms per unit cell (Post & Bish, 1989). In this case, chemical analyses of 
cryptomelane showed 1.37 total tunnel cations per unit cell, which is consistent with 
the total number of K atoms per unit cell resulting from the structural refinement (1.40 
apfu). As a result, K cations can fill ½ of the tunnel sites at (0,0,0) (= 50% of total 
occupancy, 1 atom per unit cell) or ⅔ of the tunnel sites at (0,0.78,0) (= 66% of total 
occupancy, 1.33 atom per unit cell). This suggests two possible sequences of filling the K 
sites (Fig. 4.4): in the first case (Fig. 4.4a), every second K1 site is empty, with a total 
occupancy along the tunnel of 50% (1 apfu). The other possibility (Fig. 4.4b) is the 
sequences K2a – K2b - □, with a total occupancy along the tunnel of about 66% 
(actually a bit more of 66% as total occupancy and chemical analysis point out).  
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Fig. 4.4 - The two possible idealized distributions of K+ cations in the tunnel sites: (a) |K1-□|, and (b) |K2a-
K2b-□|. With (c) an overall model of the structure, with all the sites occupied, is represented. 
 
The total K+ occupancy resulting from the structural refinement (1.40 apfu) may indicate 
that the two sequences do not occur with the same probability, and that the latter is 














4.3 Cryptomelane from Sitapur Mine 
4.3.1 Geological outline 
Cryptomelane from Sitapur Mine (Fig. 4.5) belongs to the manganese ores of Chindwara 
district, Jabalpur division, Madhya Pradesh, India. The rocks are chiefly formed by 
quartzite, and hematite-schists banded with jaspers. The manganese-ores can be 
divided into two classes: 1) manganiferous iron-ore and “psilomelane” (term used in the 
past to indicate Mn-oxide minerals with tunnel structure); 2) pyrolusite.  
The banded jasper-hematites have often been converted at the outcrop into large 
masses of manganiferous limonite forming caps to the ridges in which these rocks 
occur. This manganiferous limonite is simply limonite veined with psilomelane, which in 
places forms large segregations. In other cases the hematite-schists, by the 
development of little veins of manganese-ore, have been converted at the outcrop into 
manganiferous hematite. In both cases, the manganese is derived from the small 
percentage of this element contained in the hematite; in some cases this concentration 
of manganese has proceeded to such an extent that considerable quantities of nodular 
psilomelane have been collected on the hematite outcrops. At the same time, the 
accompanying jasper and sericite-phyllites have often been converted into manganese-
ore by replacement. The pyrolusite usually occurs as nests and strings in the quartzites 
as nodular segregations in the laterite debris often covering these rocks, and is derived 
from hematite-schists (www.mindat.org). 
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Fig. 4.5 - Cryptomelane from Sitapur Mine, Chhindwara district, India. 
 
A fragment of cryptomelane was selected and analyzed trough EMP analysis. The results 
are reported in Tab. 2.2 in Appendix III. 












4.3.2 Structural refinement 
A prismatic crystal of cryptomelane from Sitapur mine (0.38 × 0.17 × 0.08 mm) was 
selected for single crystal X-ray diffraction. The instrumental conditions (the same of the 
previous sample) and the refinement data are listed in Table 3.4 in Appendix IV. 
The unit-cell parameters were refined in the space group I4/m to a = 9.8229(2), c = 
2.8623(1). A total of 2056 reflections were collected and reduced to a set of 297 unique 
reflections (Rint = 0.0101). Precession images, obtained through APEX2 software, have 
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been taken with the c axis as the rotation axis and did not show any additional 
reflection, hence indicating a well ordered structure (Fig. 4.6). 
 
 
Fig. 4.6 - Reconstructed precession photograph (h0l). In the red box one image from the collected frames 
used for the determination of the unit cell is reported. No additional reflections were observed. 
 
The structure was solved using direct methods (SHELXS-97). An R factor of 0.0120 for 
285 unique reflections with Fo > 4σ(Fo) (wR2 =  0.0311,  GooF = 1.130) was obtained 
after the structural refinement.  
Table 3.5a in Appendix IV reports the positional parameters, the refined occupancies, 
the number of atoms per formula unit and the equivalent isotropic displacement 
parameters. Table 3.5b in Appendix IV gives the anisotropic displacement parameters 
for each atom. Table 3.6 reported in Appendix IV gives selected interatomic bond 
distances. 
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No additional reflections were observed in the precession image, as in other cases so far 
observed, but Fourier synthesis revealed two peaks relative to two satellite sites, one 
slightly displaced along the c axis at (0,0,0.07), and the other at (0,0,0.5), respect to the 
K site at the inversion center (0,0,0). According to the chemical analysis Sr2+ and/or Ba2+ 
could be placed at (0,0,0.07), whereas Na+ is the only cation in cryptomelane small 
enough to fit into the site at the center of the plane of four O atoms (0,0,0.5) (Fig. 4.7a). 
Moreover, the anisotropic temperature factors refined for all the tunnel cations are 
large, indicating some positional disorder (Fig. 4.7b). Thus, whereas the refinement 
indicates a positional disorder along the tunnel, the precession image indicate an 
ordered structure. This latter, probably, is the representation of a completely 
disordered average structure built on a random distribution of cations in the tunnel, 
different from each to other tunnel. 
 
 
Fig. 4.7 - Cations distribution in cryptomelane from Sitapur mine: (a) Na (blue) atoms at (0,0,0.5), K (black) 
atoms at (0,0,0) Sr (gray) atoms at (0,0,0.07). (b) Thermal ellipsoid model indicating high anisotropic 
displacement parameters for all cations along the tunnel elongation. 
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Three possible models of filling the tunnel site may occur (Fig. 4.8): in the first model 
(Fig. 4.8a), every second K1 site is empty, with a total occupancy along the tunnel of 
50%. The second model (Fig. 4.8b) is the sequences Sr2a – Sr2b - □, with a total 
occupancy along the tunnel of 66%. The third (Fig. 4.8c) is the sequence of Na sites, all 
of them occupied, with a total occupancy along the tunnel of 100%. This latter option is 
possible because of the lower valence state and of the small dimension of Na+ ions. 
 
 
Fig. 4.8 - The three possible sequences of cations distribution in cryptomelane from Sitapur mine: (a)|K1-
□|, (b) |Sr2a-Sr2b-□|, (c) |Na-Na|. An overall model of the structure (d), with all the sites occupied, is 
represented. 
 
The chemical analysis points to 1.58 tunnel cations pfu. This value is a bit more of the 
maximum amount of monovalent cations in the tunnel theoretically allowed (1.5 atoms 
per unit cell); this may be due to instrumental error of microprobe. Anyway this value is 
still acceptable, being slightly greater than 1.5. The total tunnel cations resulting from 
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the structural refinement, 1.21 apfu, is not so similar to the values obtained through 
chemical analyses. This probably happens because, when there are several cations in 
the tunnel, it becomes more and more difficult to refine accurately any structural 
model. Anyway, we can conclude that the average cations occupancy, i.e. the number of 
tunnel cations per formula unit, obtained from the chemical analysis and from 
structural refinement may be interpreted to indicate a statistical distribution of the 
three sequences above described. 
 
4.4 Cryptomelane from Kàjilidongri 
4.4.1 Geological outline 
The manganese-ore deposit of Kàjilidongri, Jhabua District, Madhya Pradesh, India, 
consists of much folded alternating quartzite and manganese-ore layers, associated 
with spessartine- and rhodonite-bearing rocks. This deposit is one the most interesting 
in India on account of the Mn varieties of minerals it has yielded, including hollandite s.l. 
minerals. Because of this, it is widely exploited as a manganese resource from 1900 for 
Indian industries (Fig. 4.9). It seems that the origin of this manganese-ore is due to the 
intrusion of manganese bearing-rocks in melted condition into the metamorphic schists 
and gneisses; subsequently these rocks have been subject to intense folding due to the 
alteration of manganese-silicate to manganese ores. The effect of this folding was the 
compression into very compact and hard manganese layers with minerals in, more or 
less, crystalline form (Fermor, 1906). Here, hollandite s.l. crystals occur in quartz-veins 
traversing the manganese-ores deposit. 
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Fig.4.9 - Quarryng Manganese-ore at Kàjilidongri, Jhabua District ©Fermor 1906. 
 
 
No chemical analyses have been carried out on our sample (Fig. 4.10) from Kàjilidongri: 
it has been lost during the sample preparation and no other samples were available. 
However our structural data allowed us to unambiguosly identify it as cryptomelane 
with K cation in the tunnels. In fact, introducing Ba in the tunnels the refinement does 
not converge, giving a high R factor. 
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Fig. 4.10 - Granular massive example of hollandite s.l. (cryptomelane). 
 
 
4.4.2 Structural refinement 
A prismatic crystal of cryptomelane from Kàjilidongri (0.33 × 0.19 × 0.08 mm) was 
selected for single crystal X-ray diffraction. The instrumental conditions and the unit cell 
parameters are listed in Table 3.7 in Appendix IV.  
The unit-cell parameters were refined in the space group I4/m to a = 9.8309(8), c = 
2.8668(3). A total of 2068 reflections were collected and reduced to a set of 390 unique 
reflections (Rint = 0.0161). Precession images have been taken with the c axis as the 
rotation axis, and show very weak additional reflections (too low to be extracted and 
used in the refinement process). These reflections lie on two additional rows with 
respect to the structure reflections of ≈ 2.9 Å, indicating a possible multiple cell with a 










Fig. 4.11 - Reconstructed precession photograph (h0l). The image from the collected frames (red box) 
used for the determination of the unit cell did not show any additional reflection (maybe because they 




The structure was solved using direct methods (SHELXS-97). An R factor of 0.0240 for 
386 unique reflections with Fo > 4σ(Fo) (wR2 =  0.0635,  GooF = 1.145) was obtained 
after the structural refinement.  
Table 3.8a in Appendix IV reports the positional parameters, the refined occupancies, 
the number of atoms per formula unit and the equivalent isotropic displacement 
parameters for each atom. Table 3.8b in Appendix IV gives the anisotropic displacement 
parameters for octahedral cations (M) and for oxigen atoms (O). Selected interatomic 
bond distances are reported in Appendix IV (Tab. 3.9). 
One satellite tunnel site has been identified through difference Fourier synthesis: (K2) at 
(0,0,0.15) slightly displaced  from (K1) at the inversion center (0,0,0). Two possible 
idealized distributions of K+ cations in cryptomelane from Kàjilidongri have been 
observed: (K1-□), and (K2a-K2b-□) (Fig. 4.12a,b). The value of the total tunnel cations 
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pfu resulting from the structural refinement is 1.31. Because of the lack of the chemical 
data we are not able to define which of the two sequences is most problable in the 
structure; anyway the occupancy values from structural refinement [72% (K1) and 59% 
(K2) (just above to the occupancy theoretical value of 66% and 50% of the two sites)] 
suggest that both are present with the same probability.  
 
 
Fig. 4.12 - The two possible idealized distributions of K+ cations in cryptomelane from Kàjilidongri: (a) |K1-












4.5 Ferrihollandite from Ultevis 
4.5.1 Geological outline 
Ferrihollandite from Ultevis, Lapland, Sweden (Fig. 4.13), belongs to the manganese 
mineralization of the mountain system of Ultevis. Geologically, Ultevis, has volcanic 
origin. Together with the manganese mineralization (25 km long) in the area there are 
also pegmatites, whit beryl and topaz. The mineralization consists of “alurgite“ 
(manganese variety of muscovite), andradite, “apatite”, baryte, bixbyite, braunite, 
haussmannite, hematite, hollandite, manganite, pyrolusite (www.mindat.org). 
 
 
Fig. 4.13 - Ferrihollandite from Ultevis, Lappland, Sweden 
 
A fragment of ferrihollandite has been selected and analyzed trough SEM/EDS and EMP 
analyses. 
The results of both analyses are reported in appendix (Tab. 2.3a,b in Appendix III) 
Chemical data from EMPA suggest the following chemical formula: 














4.5.2 Structural refinement  
A prismatic crystal of hollandite from Ultevis (0.16 × 0.11 × 0.04 mm) has been analyzed 
trough single crystal X-ray diffraction. The instrumental conditions and the structural 
refinement data are listed in Table 3.10 in Appendix IV.  
The unit-cell parameters were refined in the space group I2/m to a = 9.974(1), b = 
2.8764(2), c = 9.7547(9) Å and β = 90.735(1)°. A total of 2994 reflections were collected 
and reduced to a set of 600 unique reflections (Rint = 0.0169). Precession images 
obtained through APEX2 software, have been taken with the b axis as the rotation axis 
and showed, in addition to the strong reflections of the basic structure with  b ≈ 2.9 Å, 
extra diffuse spots between them, indicating positional disorder and a possible multiple 
cell with a 2xb axis (Fig. 4.14). Aniway the intensities of the "superstructure reflections" 





Fig. 4.14 - Reconstructed precession photograph of ferrihollandite from Ultevis (hk0). Additional 
supertstructure reflections (red arrows) have been observed. 
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The structure was refined to an R factor of 0.0213 for 593 unique reflections with Fo > 
4σ(Fo) (wR2 =  0.0898,  GooF = 1.370). 
Table 3.11a in Appendix IV reports the positional parameters, the refined occupancies, 
the number of atoms per formula unit and the equivalent isotropic displacement 
parameters. Table 3.11b in Appendix IV gives the anisotropic displacement parameters 
for each atom. Table 3.12 reported in Appendix IV gives selected interatomic bond 
distances. 
Difference Fourier synthesis revealed the presence of two tunnel satellite sites respect 
to Ba2+ at the inversion center (0,0,0): one at (0,0.22,0) where K+ and minor amount of 
Sr2+ are placed and one at (0,0.5,0) where Na+ is located. Thus, three sequences of filling 
the tunnel site are possible: a)|Ba-□|, b) |K-K1-□|, c) |Na-Na|, (Fig. 4.15a,b,c) and are 
the same that have been observed in cryptomelane from Sitapur mine. 
 
 
Fig 4.15 - The three possible sequences of cations distribution in hollandite from Ultevis: (a)|Ba-□|, (b) 
|K-K1-□|, (c) |Na-Na|. An overall model of the structure (d), with all the sites occupied, is represented. 
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 Chemical analyses of hollandite from Ultevis indicated 1.14 tunnel cations per unit cell, 
slightly less of the number of tunnel cations resulting from the structural refinement 
(1.28 apfu). This value (< 1.33) suggests an occupancy of 50%, and thus the sequence Ba 
- □ - Ba, is the most probable.  
 
4.6 Hollandite from Nancy mine 
4.6.1 Geological outline 
Hollandite from Nancy mine (Fig. 4.16) belongs to the Luis Lopez manganese district of 
the Socorro County, New Mexico, USA. This manganese mineralization is comprised in 
the calcite-manganese veins system, exposed in the northern and central Chupadera 
Mountains, an east-tilted extensional fault block uplift of the central Rio Grande rift. 
Ore mineralization consists mainly of hollandite group minerals as coronadite, 
cryptomelane, hollandite s.s.. Other manganese oxide phases included pyrolusite and 
calcophanite (Zn,Fe,Mn)Mn3O7·3H2O (Lueth et al., 2004) 
 
 
Fig. 4.16 - Hollandite from Nancy mine, Socorro County, New Mexico. 
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Chemical data from SEM/EDS analysis suggest the chemical formula (Tab. 2.4 in 






In SEM/EDS analysis all Mn is given as MnO. Thus MnO was initially transformed in 
MnO2, and subsequentely the MnO2/Mn2O3 ratio has been recalculated on the basis of 
8 total octahedral cations and 16 oxygen atoms per formula unit. 
Among the samples studied, hollandite from Nancy mine has the minor aumount of 
cations in the tunnels. Probably, minor amounts of other tunnel cations have been 
overlooked in the SEM analysis.  
 
4.6.2 Structural refinement  
An acicular crystal of hollandite from Nancy mine (0.45 × 0.09 × 0.08 mm) was selected 
for single crystal X-ray diffraction. The instrumental conditions and the unit cell 
parameters are listed in Table 3.13 in Appendix IV.  
The unit-cell parameters were refined in the space group I4/m to a = 9.9228(3), c = 
2.863(1). A total of 1484 reflections were collected and reduced to a set of 233 unique 
reflections (Rint = 0.0386). Precession images, obtained through APEX2 software, have 
been taken with the c axis as the rotation axis, and did not show any additional 
reflection, likely indicating a well ordered structure (Fig. 4.17). 
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Fig. 4.17 - Reconstructed precession photograph (h0l). In the red box one image from the collected 
frames used for the determination of the unit cell is reported. No additional reflections have been 
observed. 
 
The structure was refined to an R factor of 0.0736 for 192 unique reflections with Fo > 
4σ(Fo) (wR2 =  0.2663,  GooF = 1.454). The high R factor, as well as the high Rint are 
probably due to the bad quality of the crystals. 
Table 3.14a in Appendix IV reports the positional parameters, the refined occupancy, 
the number of atoms per formula unit and the equivalent isotropic displacement 
parameters. Table 3.14b in Appendix IV gives the anisotropic displacement parameters 
for each atom. Table 3.15 reported in Appendix IV gives selected interatomic bond 
distances. 
As mentioned above, no additional reflections have been observed. Fourier synthesis 
revealed, besides a peak at (0,0,0) where Ba2+ is placed, a satellite site displaced along 
the tunnel axis at (0,0,0.4). SEM/EDS analysis does not point to the presence of other 
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tunnel cations, therefore this satellite site should be referred as a second site occupied 
by Ba (Ba2 site). Moreover, the number of Ba atoms per unit cell, obtained through 
chemical analysis, is less of 1 (0.79 apfu), a value lower than usual, due probably to 
instrumental error (also note that SEM/EDS analysis is qualitative analysis). The very 
high error on the coordinate of the z direction [0,0,0.4(2)] of the Ba2 site, as well as its 
very low occupancy (0.03%), points to an high positional disorder around it or probably 
to a fictitious existence of the site itself. In fact the number of Ba2 pfu is just 0.005 
against 1.04 of Ba1 pfu. Then, the lack of additional reflections on precession images 
could indicate a completely disordered average structure, built on a random distribution 
of cations in the tunnels, or a well ordered structure where there are no satellite sites. 
Chemical analyses of hollandite showed 0.79 tunnel cation per unit cell, slightly lower 
than the tunnel cation occupancy resulting from the structural refinement (1.04 apfu). 
This value (≈ 1.00) as well as the possible lack of satellite sites suggests that an 
occupancy of 50%, and thus the sequence Ba1 - □, is dominant respect to the Ba2b-□-










Fig. 4.18 - The two possible sequences of cations distribution in hollandite from Nancy mine: (a)|Ba1-□|, 
b) |Ba2b-□-Ba2a-Ba2b|. This latter sequence is also indicated whereas the probability to have it is very 













4.7 Hollandite from Monte Corchia  
4.7.1 Geological outline 
A little Mn-rich mineralization is found on Monte Corchia (Fig. 4.19) (Stazzema, Apuan 
Alps, Tuscany, Italy) within the “Brecce di Seravezza” Formation (BSFm). The BSFm is a 
rockfall talus deposit that accumulates at the base of the footwall scarp of normal faults 
bordering extensional marine coastal basins. The three main types of Mn mineral 
assemblages are: (1) braunite, piemontite, and rare hausmannite; (2) piemontite, 
braunite, hollandite (Fig. 4.20) and minor rhodochrosite and kutnahorite; (3) braunite, 
hollandite and rare piemontite. The other minerals are: quartz, calcite, muscovite, 
phlogopite, baryte and minor hematite, rutile and “apatite” (Franceschelli et al., 1996) 
 
 
Fig. 4.19 - Monte Corchia ©Marco Barsanti  
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Fig. 4.20 - Rounded crystals of hollandite from Monte Corchia ©Marco Barsanti. 
 







4.7.2 Structural refinement  
A crystal of hollandite from Monte Corchia (0.21 × 0.19 × 0.11 mm) was selected for 
single crystal X-ray diffraction. The instrumental conditions and the unit cell parameters 
are listed in Table 3.16 in Appendix IV.  
The unit-cell parameters were refined in the space group I4/m to a = 9.9164(5), c = 
2.8777(1). A total of 2089 reflections were collected and reduced to a set of 305 unique 
reflection (Rint = 0.0196). Precession images, taken with the c axis as the rotation axis, 
clearly showed superstructure reflections, in addition to the strong reflections of ≈ 2.9 
(Fig. 4.21) indicating a possible multiple cell with a 2xc axis. 
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Fig. 4.21 - Reconstructed precession photograph (h0l). In the red box one image from the collected 
frames used for the determination of the unit cell is reported.  Additional superstructure reflections are 
clearly visible.  
 
The structure was refined to an R factor of 0.0285 for 293 unique reflections with Fo > 
4σ(Fo) (wR2 =  0.0864,  GooF = 0.8).  
Table 3.17a in Appendix IV reports the positional parameters, the refined occupancy, 
the number of atoms per formula unit and the equivalent isotropic displacement 
parameters. Table 3.17b in Appendix IV gives the anisotropic displacement parameters 
for each atom. Table 3.18 reported in Appendix IV gives selected interatomic bond 
distances. 
Notwithstanding additional superstructure reflections have been clearly observed, 
Fourier synthesis did not reveal any satellite site respect to the Ba2+ site at (0,0,0,). 
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Chemical analysis, showing 1.07 tunnel cations per unit cell, is very similar to tunnel 
cation occupancy resulting from the structural refinement (1.18 apfu). This value (< 
1.33) as well as the lack of satellite sites suggest a Ba-occupancy of 50% per unit cell and 
thus the sequence Ba - □, seems to be the only possible thus inducing a doubling of c 
parameter (the tunnel axis). For this reason we tried to refine the structure using the 
doubled cell.  
During the unit cell determination, besides to the cell with c ≈ 3 Å, another one with 
double of c parameter was found taking into account the superstructure reflections (the 
threshold intensity has been lowered with the aim to include also the superstructure 
reflections which are of lower intensity). Unfortunately, despite our attempts, the 
structural refinement of the structure with the doubled cell did not converge as we 
expected, giving a very high R factor.   
Anyway, a simple model with a double c axis could be hypothesized (on the basis of 
electrostatic reasons) in which the tunnel sequence in neighbor tunnels is specular (Fig. 
4.22a,b): Ba - □ and □ - Ba.  
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Fig. 4.22 - The sequence of Ba distribution in hollandite from Monte Corchia assuming a double c 















4.8 Ferrihollandite from Kàjilidongri mine 
4.8.1 Geological outline 
Kajlidongri mine, Jhabua District, Madhya Pradesh, India, as already mentioned above 
(see par. 4.4.1), is one of the most important manganese-resource in India (Fermor, 
1906). Initially, it was considered as the type locality for hollandite s.s. mineral (Fig. 
4.23); subsequently hollandite from Kajlidongri was redefined as "ferrihollandite", 
because of chemical reason (see par. 3.4.2, chap. III).  
 
 
Fig. 4.23 - Intergrowth of two ferrihollandite crystals from Kàjilidongri ©Pavel M. Kartashov 
 
Literature data (Tab. 2.6 in Appendix III) point to the chemical formula (no samples for 









0.15)8O16  (Fermor 1906) 
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4.8.2 Structural refinement 
A prismatic crystal of hollandite from Kàjilidongri (0.48 × 0.22 × 0.10 mm) was selected 
for single crystal X-ray diffraction. The instrumental conditions and the unitc cell 
parameters are listed in Table 3.19 in Appendix IV.  
Precession images, obtained through APEX2 software, have been taken with the b axis 
as the rotation axis (because of the monoclinic structure), and showed in addition to the 
strong structure reflections of ≈ 2.9 Å periodicity, also weaker but sharp X-ray 
superstructure reflections. In this case, the superstructure reflections are strong enough 
to lead to think that the doubling of the b parameter (Fig. 4.24) is peculiar of this 
sample. As known the doubling of the tunnel axis periodicity is due to electrostatic 
reasons: the short Ba - Ba distances of ≈ 2.9 Å is only a little more than twice the ionic 
radius of the Ba 2+ ion; therefore in some cases only a double unit cell is compatible whit 
an ordered Ba distribution. 
 
 
Fig. 4.24 - Reconstructed precession photograph (hk0). In the red box an image from the collected frames 
used for the determination of the unit cell is reported. Superstructure reflections (red arrows) that 
doubling the b parameters is clearly visible in both images. 
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The unit-cell parameters were then refined in the space group P2/n to a = 9.9724(5), b = 
5.7496(3), c = 9.8063(5) Å and β = 90.573(1)° with a total of 8332 reflections collected 
and reduced to a set of 2458 unique reflections (Rint = 0.0346).  
The structure was solved using direct methods (SHELXS-97). An R factor of 0.0315 for 
1980 unique reflections with Fo > 4σ(Fo) (wR2 =  0.0853, GooF = 1.141) was obtained 
after the structural refinement. The structural refinement converged to an R factor 
which is definitely satisfactory, if we consider that it was obtained with a doubled cell. 
Table 3.20a in Appendix IV reports the positional parameters, the refined occupancy, 
the number of atoms per formula unit and the equivalent isotropic displacement 
parameters. Table 3.20b in Appendix IV gives the anisotropic displacement parameters 
for each atom. Table 3.21 reported in Appendix IV gives selected interatomic bond 
distances. 
Structural refinement revealed two main Ba sites, Ba1a and Ba2a, at (0.75,0.875,0.25) 
and (0.75,0.378,0.25), both with an occupancy of about 40% (36% and 42% 
respectively). Moreover two satellite sites, relative to the two principal Ba sites, have 
been revealed: Ba1b (0.75,0.870,0.25) almost overlapping to Ba1a and with an 
occupancy of 26%, and Ba2b (0.75,0.11,0.25) displaced from Ba2a and with a very low 
occupancy of 0.002%. Chemical analyses from literature gives 0.94 tunnel cations per 
unit cell very similar to the number of tunnel cations resulting from the structural 
refinement (1.04 apfu). These values suggest just one type of sequences: |Ba-□| and 
four different tunnel cation distributions every four adjacent tunnels due to the 
different position of every Ba sites (Fig. 4.25a,b,c,d): 
1) Ba1a-□; 2) Ba1b-□; 3) Ba2a-□; 4) Ba2b-□;     
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Fig 4.25 - The four possible distributions of Ba sites in hollandite from Kàjilidongri mine: (a) Ba1a-□; (b) 
Ba1b-□; (c) Ba2a-□; (d) Ba2b-□;  just one type of sequences it has been observed: |Ba-□|. An overall 














4.9 Ferrihollandite from Vagli 
4.9.1 Geological outline 
Small manganese ores of the metamorphic complex of Apuan Alps, Tuscany, Italy, are 
embedded in the phyllites and quarzites of the autochthon Diaspri Fm. They outcrop in 
two localities near the town of Vagli di Sopra (Fig. 4.26).  
 
 
Fig. 4.26 - Location of manganese ores from the area of Vagli, Apuan Alps, Tuscany, Italy. Scale 1:10000.  
 
Ferrihollandite was identified in quartz-carbonate veins (Fig. 4.27), as prismatic to 
acicular crystals (Fig. 4.28) up to 15 mm associated with braunite, hematite, piemontite, 
rutile, scheelite and titanite (Perchiazzi & Biagioni, 2005).  
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Fig. 4.27 - Quartz-carbonate veins. ©Cristian Biagioni  
 
 
Fig. 4.28 - Ferriollandite prismatic crystals up to 3 mm, striated along [010]. ©Cristian Biagioni 
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4.9.2 Structural refinement  
A prismatic crystal of hollandite from Vagli (0.35 × 0.19 × 0.09 mm) was selected for 
single crystal X-ray diffraction. The instrumental conditions and the unit cell parameters 
are listed in Table 3.22 in Appendix IV.  
Precession images, obtained through APEX2 software, taken with the b axis as the 
rotation axis, showed, in addition to the strong structure reflections of ≈ 2.9 Å 
periodicity, also sharp X-ray superstructure reflections. The superstructure reflections 
are strong enough to allow the structure refinement whit a double unit cell (doubling of 








Intensity data were collected with a SIEMENS P4 four-circle diffractometer (described in 
Appendix I). The unit-cell parameters were refined by least square fitting of 28 
reflections in the range of 30° < 2Θ < 50° to a = 10.152 (2), b = 5.828(2), c = 9.938(2) Å 
and β = 90.710°. A total of 3625 reflections were collected and reduced to a set of 2590 
unique reflections (Rint = 0.044), after Lorentz-polarization and absorption corrections 
(ψ-scan measures). 
The structure was solved in the space group P2/n using direct methods (SHELXS-97). An 
R factor of 0.0501 for 1641 unique reflections with Fo > 4σ(Fo) (wR2 =  0.1417, GooF = 
1.010) was obtained after the structural refinement.  
Table 3.23a in Appendix IV reports the positional parameters, the refined occupancy, 
the number of atoms per unit cell and the equivalent isotropic displacement 
parameters. Table 3.23b in Appendix IV gives the anisotropic displacement parameters 
for each atom. Table 3.24 reported in Appendix IV gives selected interatomic bond 
distances. 
Structural refinement revealed two Ba sites: Ba1 at (0.25,0.87,0.75) with an occupancy 
of 79% and Ba2 at (0.25,0.38,0.75), with an occupancy of 24%. Therefore, when Ba1 is 
occupied, Ba2 is empty (≈ 80%), whereas when Ba1 is empty, Ba2 is occupied (≈ 20%). 
Chemical analysis showed 1.04 tunnel cation per unit cell (2.08 in the double cell) 
practically identical to the tunnel cation occupancy resulting from the structural 
refinement (1.02 apfu, 2.04 in the double cell). These values suggest that the |Ba1-□| 









Fig 4.30 - The two possible distribuitonof Ba sites in hollandite from Vagli: (a) |Ba1-□| and (b) |□- Ba2|. 















4.10 Mannardite from Monte Arsiccio 
4.10.1 Geological outline 
Mannardite is a 2 × 2 tunnel oxide with Ti4+ as framework cation instead of Mn4+. 
Mannardite from Monte Arsiccio was found in small fractures of dolomitic marble at the 
Monte Arsiccio mine (Sant'Anna di Stazzema, Stazzema, Apuan Alps), a small deposit of 
Ba-Fe minerals as baryte, pyrite and iron oxides (magnetite and hematite) (Fig. 4.31) 
(Biagioni et al., 2009).  
 
 
Fig. 4.31 - Monte Arsiccio mine ©Cristian Biagioni  
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The mineral occurs as prismatic or tabular black crystals (Fig. 4.32), up to 5 mm in 
lenght, associated with anatase, arsenopyrite, baryte, pyrite, quartz, dolomite, 
sphalerite, stibnite (Sb2S3) and Ba-rich K-feldspar (Biagioni et al., 2009).. 
 
 
Fig. 4.32 - Mannardite prismatic crystal ©Cristian Biagioni 
 
EMP analysis from literature data (Biagioni et al., 2009) point to the chemical formula 











4.10.2 Structural refinement  
A small prismatic crystal of mannardite from Monte Arsiccio (0.15 × 0.08 × 0.04 mm) 
was selected for single crystal X-ray diffraction. The instrumental conditions and unit 
cell parameters are listed in Table 3.25 in Appendix IV.  
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Precession images obtained through APEX2 software have been taken with the c axis as 
the rotation axis and showed, in addition to the strong “structure” reflections, also extra 
diffuse spectra between them, indicating positional disorder (Fig. 4.33). The unit-cell 
parameters were then refined in the space group I4/m to a = 10.1489(2), c = 2.9495(1) Å 
with a total of 2553 reflections collected and reduced to a set of 384 unique reflections 




Fig. 4.33 - Reconstructed precession image (h0l). In the red box one image from the collected frames used 
for the determination of the unit cell is reported. Extra diffuse superstructure reflections (red arrows) are 
visible in both images. 
 
The structure was solved using direct methods (SHELXS-97). An R factor of 0.0220 for 
384 unique reflections with Fo > 4σ(Fo) (wR2 =  0.0591, GooF = 1.197) was obtained at 
the end of the structural refinement.  
Table 3.26a in Appendix IV reports the positional parameters, the refined occupancy, 
the number of atoms per formula unit and the equivalent isotropic displacement 
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parameters. Table 3.26b in Appendix IV gives the anisotropic displacement parameters 
for each atom. Table 3.27 reported in Appendix IV gives selected interatomic bond 
distances. 
Difference Fourier synthesis revealed a satellite site (Ba2) slightly displaced along the c 
axis at (0,0,0.15) respect the Ba1 (0,0,0) site. The occupancy of Ba1 site resulted 92% 
against 25 % for Ba2 site.  
Two sequences of filling the tunnel site are possible (Fig. 4.34): in the first case (Fig. 
4.34a), every second Ba1 site is empty, with a total occupancy along the tunnel of 50% 
(Ba1 - □). The other possibility (Fig. 4.34b) is the sequences Ba2a – Ba2b - □, with a 
total occupancy along the tunnel of 66%. EMP analysis showed 0.93 tunnel cation per 
unit cell, slightly less of tunnel cation occupancy resulting from the structural 
refinement (1.17 apfu). Anyway, both these values are less than 1.33 apfu, indicating 
that the Ba1 - □ sequence is the most likely for this sample. 
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Fig 4.34 - The two possible sequences of Ba sites in mannardite from Monte Arsiccio: (a) |Ba1 - □| and (b) 


















Structural studies of many synthetic hollandite s.l. minerals at low and high temperature 
conditions have been performed aiming at understanding the distortions these minerals 
may undergo and how this may affect the exchange capabilities. Actually, hollandite-like 
compounds may be considered as one-dimensional ion conductors having 1-D tunnels 
in the crystal structure partially occupied by mobile ions. Through LT-HT experiments 
these ion-mobility as well as possible structural distortions could be better studied.    
Michiue et al. (2000) studied the mobility of Na ions of a synthetic compound with the 
hollandite framework topology and composition Na1.7Ti6.3Cr1.7O16, heated up to 773K, 
and observed that Na atoms move from the cavity center in both the two directions 
parallel and perpendicular to the tunnel axis. Moreover, increasing the temperature 
from 223K to 773K the framework undergoes structure transition from monoclinic to 
tetragonal near room temperature. In a previous study (Michiue et al., 1999) the same 
compound having tetragonal structure at RT, cooled down to 223K, underwent 
monoclinic distortion below ca. 273K. The main difference between the monoclinic and 
the tetragonal structure was, even in this case, the inequality of Na site occupation in 
the tunnel cavity.  




8-2xO16, with x = 1.07 and 1.31) has been 
refined at temperatures from 5 to 400 K (for x = 1.07) and from 160 to 500 K (for x = 
1.31). Both these compounds undergo a transformation from monoclinic I2/m to 
tetragonal I4/m at 375K (x = 1.07) and 475K (x = 1.31), respectively. The monoclinic-
tetragonal transition is coupled with a decrease of volume and the major contribution 
to the contraction of the cell volume is the reduction of the volume of the tunnel 
cavities, because of the expansion of the octhaedra forming the tunnel framework 
(Cheary, 1990). 
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To gather information on the structural behavior of natural hollandite in non-ambient 
conditions, single-crystal X-ray diffraction measurements were carried out on samples 
of minerals of the hollandite supergroup: ferrihollandite from Vagli and from 
Kàjilidongri (ideally BaMn4+6Mn
3+
2O16), and mannardite from Monte Arsiccio (ideally 
BaTi4+6V
3+
2O16). In our experiments the investigated temperature range was from 100 to 
1000 K.  
Hollandite and mannardite are topologically very similar; mannardite has ideal 
topological symmetry I4/m, whereas ferrihollandites framework is slightly distorted and 
assumes monoclinic structure, P2/n. The geological settings of the samples have been 
already described in chapter IV. 
 
5.2 Ferrihollandite thermal behavior  
5.2.1 General features at LT and HT conditions 
Accurate refinements of the unit cell parameters on selected specimens of 






















0.15)8O16] were carried out in the T range 
from ca. 100 to ca. 1000K. 
The samples were first examined trough a Weissenberg camera (see Appendix I) and the 
resulting photographs showed, in addition to the strong "structure" reflections of ≈ 2.9 
Å periodicity, also weak but sharp X-ray reflections ("superstructure reflections"), which 
cause the doubling of the b parameter (Fig. 5.1). 
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Fig. 5.1- Oscillation photograph of hollandite from Vagli. Superstructure reflections which double the b 
parameter are indicated with red arrows. 
 
Several single crystals of ferrihollandite from Vagli and Kàjilidongri were fixed on HT 
resistant quartz capillary, and were then mounted on a SIEMENS P4 four-circle 
diffractometer with HT device (see Appendix I) and treated in HT in different ways and 
with different heating times in order to control the possible differences in cell 
parameters behavior with T. The different heating range (e.g. increasing the 
temperature between two measurements of 200K, see Vagli C in Tab. 5.1) and the time 
at which every sample is left at rest between two temperature steps (heating time for 
each range) are listed in Tab. 5.1. The figure 5.2 shows the volume (normalized with 
respect to the room temperature) of all samples of ferrihollandite analized at different 
T-t paths. No appreciable variations have been observed despite the various heating 









Tab.5.1 - Max T reached, T range and heating time for ferrihollandite from Vagli (VagliA,B,C,D) and for 
ferrihollandite from Kàjilidongri mine(Kàji). 
 Vagli A Vagli B Vagli C Vagli D Kàji 
Max T reached ≈ 750K ≈ 530K ≈ 690K ≈ 1000K ≈ 1000K 
T range ≈ 30K and 60K ≈ 30K ≈ 100K ≈ 200K ≈ 30K and 100K ≈ 700K 
Heating time for 
each T range 




Fig. 5.2 – V/V0 for ferrihollandite from Vagli and Kàjilidongri analized at different T-t paths. 
 
Because of the HT behavior turned out to be almost identical for all the ferrihollandite 
samples, here we describe in detail just the sample labeled VagliB (0.33 × 0.17 × 0.08 
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mm). The unit cell parameters for all the samples analyzed are listed in Tab. 
4.1(a,b,c,d,e) in Appendix V. 
At RT the sample VagliB is monoclinic, P2/n, a = 10.006(6), b = 5.746(1), c = 9.796(3) Å 
and β = 90.75(2)°. By increasing the temperature up to 530K the unit cell volume, as 
expected, increases quite regularly with T. Moreover, a progressive transition of the 
symmetry with T from monoclinic to tetragonal is observed, with a approaching c and β 
approaching 90° (Fig. 5.3a,b). The HT unit cell parameters are a = 9.915(2), b = 5.764(2), 





Fig. 5.3a - Lattice parameters a and c of VagliB plotted as a function of temperature. a axis decrease with 
temperature going to approach c axis that increases. 
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Fig. 5.3b - β angle of VagliB plotted as a function of temperature. β angle decrease with temperature 
going to approach to 90°. 
 
With the aim to verify whether this phase transition was reversible, the samples have 
been subsequently cooled down to 298 K and the structure come back to the 
monoclinic symmetry, a = 10.004(2), b = 5.744(2), c = 9.790(2) Å and β = 90.77°(1). 
Subsequently the same sample was mounted on an Xcalibur 3 (Oxford Diffraction) 
single-crystal diffractometer equipped with LT device (see Appendix I) and cooled down 
to 150 K. At the lowest temperature the following unit-cell parameters were obtained: a 
= 10.0518(6), b = 5.7403(3), c = 9.7236(6) Å and β = 91,153(5)° and no structural 
transition below RT was observed. The increase of the β angle, as well as the difference 
between a and c axis, shows that at LT the monoclinic character is more marked. 









Tab. 5.2 - Refined unit cell parameters at 298, 530, and again 298 K, showing the reversibility of the 
structure distortion. 
        
 298K  530K  298K  150K 
a (Å) 10.006(6)  9.915 (2)  10.004(2)  10.0518(6) 
b (Å) 5.746(1)  5.764(2)  5.744(2)  5.7403(3) 
c (Å) 9.796(3)  9.904(5)  9.790(2)  9.7236(6) 
β (°) 90.75(2)  90.08(1)  90.77(1)  91.153(5) 
V (Å) 563.67(5)  565.67(5)  562.54(5)  560.94(1) 
 
 
The following graphics shows the perfect reversibility of the monoclinic to tetragonal 










Fig. 5.4 - Lattice parameters a, c (a) and β (b) for ferrihollandite from Vagli plotted as a function of 
temperature. The transition is reversible when decreasing the temperature. With triangular symbol the 
a,c and β values at LT are indicated. 
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With the aim to observe whether the transition was reversible also for higher 
temperature, successive heating and cooling experiments were carried out with various 
crystals of hollandite from Kàjilidongri (0.37 × 0.21 × 0.08 mm). 
Thus, we observed that the monoclinic-tetragonal transition is reversible even for 
crystals heated up to a T of ca. 1000 K. Above this temperature, the transition becomes 
irreversible, and the cell preserves the almost tetragonal structure. 
The unit cell parameters variation from 298 K up to 1000 K of ferrihollandite from 
Kàjilidongri (Kàji), and vice versa, are listed in the following Table 5.3. 
 
Table 5.3 - Refined unit cell parameters at 298, 1000, and again 298 K, showing the irreversibility of the 
distortion of the sample Kàji.  
      
 298K  1000K   298K 
a (Å) 10.038(9)  9.979(6)  9.896(4) 
b (Å) 5.762(4)   5.815(3)  5.79(2) 
c (Å) 9.817(9)  9.976(5)  9.915(4) 
β (°) 90.77(9)  90.04(1)  90.07(1) 
V (Å)  567.8(1)  578.9(1)  568.1(1) 
 
 
The following graphics show the irreversibility of the reaction: the trend followed by 
unit cell parameters under increasing temperature is completely different from that 
under cooling (Fig. 5.5a,b,c). 
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Fig. 5.5 - Lattice parameters a (a), c (b) and β (c) for ferrihollandite from Kàjilidongri (kàji) plotted as a 
function of temperature.The distorsion is irreversible.  
 
In synthesis, ferrihollandite, characterized by a monoclinic distortion at room and LT 
conditions, undergoes a symmetry transition from monoclinic to tetragonal in HT 
conditions and the transition T is estimated at ca. 530 K. The structural transition is 
reversible up to T of ca. 530 K. Above this temperature the monoclinic  tetragonal 











5.2.2 Octahedral regularization  
The reason of the structural transition could be identified on the basis of the peculiar 
monoclinic distortion that these minerals display at room conditions. 
As mentioned in chapter I, the monoclinic distortion is often related to the irregularity 
of octahedral distances at room T. This can be due to the characteristic substitution 
2Mn4+ = 2(Mn3+, Fe3+) + Ba2+, typical of the hollandite s.s. minerals. Sinclair et al. (1980) 
proposed that as the M cations get larger, the M-O octahedral distances may become 
irregular and lengthen, causing a lowering of symmetry. This substitution, which take 
place in both ferrihollandite from Vagli and Kàjilidongri, could be a reason for the 
overall distortion of the hollandite structure because the ideal distance of Mn4+- O (1.90 
Å) is smaller than those of Mn3+ - O (2.01 Å) and Fe3+ - O (2.04 Å).  
Moreover Mn3+ cation could be displaced off the center of the octahedra because of its 
characteristic Jahn-Teller effect (see chapter I) causing a further octahedral distortion. 
Thus, if the main cause of the distortion is due to the irregularity of octahedral distances 
at room T, in high T conditions, where the tetragonal form becomes stable, the 
octahedra are expected to be more regular. 
Actually, the ferrihollandite structure does not show a significant regularization with 
temperature: through structural refinements of samples of ferrihollandite from 
Kàjilidongri at 298K and 1000K (KàjiA and KàjiB respectively) we observed that the 
octahedra are distorted in a similar way both in the monoclinic and in the tetragonal 
form.  
Fig. 5.6 shows the four independent M octahedra (M1, M2, M3, M4) of ferrihollandite 
at 298K, in which the positions of the shorter and longer M-O distances, with respect to 
the average distance <M-O> (1.90 < x < 1.95), are indicated by arrows. Tab 4.4b 
reported in Appendix V, gives selected interatomic bond distances of KajiA at 298K. 
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Fig. 5.6 - M-O octahedral distances of KajiA at 298 K. The longer and the shorter distances are 
represented by the red and blue arrows, respectively. 
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In tetragonal ferrihollandite (KàjiB at 1000K) we have three independent M octahedra 
(M1, M2, M3; M4 is symmetry-equivalent to M2). In Fig. 5.7 the positions of the shorter 
and longer M-O distances, with respect to the average distance <M-O> (1.90 < x < 1.97), 
are indicated by arrows. Tab 4.4c, reported in Appendix V, gives selected interatomic 
bond distances of Kàji at 1000K. 
 
 
Fig. 5.7 - M-O octahedral distances in sample KàjiB at 1000 K. The longer and the shorter distances with 
respect to the average distance <M-O> are represented by the blue and red arrows, respectively. 
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As can be noted from the above figures, both ferrihollandite at 298K and 1000K show 
inhomogeneous distances, with respect to a regular octahedron. 
To better monitor the differences, the octahedral distortion ∆ of each octahedron has 
been calculated through the formula ∆ = 1/6 ∑ (Ri - Ṝ/Ṝ)2 (Shannon et al., 1975), where 
Ri is an individual M-O bond length and Ṝ is the mean bond length in a single 
octahedron. 
Fig. 5.8a represents the mean Ṝ distance relative to each octhaedron (M1, M2, M3, M4) 
vs. the temperature and fig. 5.8b represents the octahedral distortion ∆ calculated for 











Fig. 5.8 (a) Mean distances Ṝ vs. T for each octahedral site. (b) Octahedral distortion ∆ vs. T for each 
octahedral site. 
 
As it can been seen from the above graphics the mean <M-O> distance and distortion of 
M1 and M3 octahedral sites increase with temperature, whereas M2 and M4 octhaedra 
(that converge at the same site M2 at HT) get smaller and more regular (the ∆ values 
decrease).  
Overall, the distortion is not significantly greater in the monoclinic RT-form than in the 
tetragonal HT-form, and the transition to a high-symmetry space group does not 
necessarily lead to a regularization of the structure. 
Moreover, the octahedral distances do not increase regularly with T as it could be 
expected. On the other hand, due to the monoclinic-tetragonal transition the lenght of 
the a axis decreases whereas that of c axis increases with T, and the unit cell volume 
increases sligthly (from 563.97 to 573.42 Å).  
(b) 
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5.2.3 Tunnel cations distribution in LT, RT and HT conditions 
With the aim to observe cation mobility at varying the temperature, complete structural 
refinements of ferrihollandite from Vagli at LT (150K), and of ferrihollandite from 
Kajilidrongi at RT (298K) and HT (1000K), have been performed.  
Each structure was solved using direct methods through SHELX-97 (Sheldrick, 2008) 
comparing the results with the atomic fractional coordinates of LT-HT structural studies 
of hollandite minerals reported in literature (Michiue et al. 1999; Michiue et al. 2000; 
Weber & Schulz, 1986). Structural refinements and data-collection information are 
reported in Table 4.2a,b,c in Appendix V. 
Structural refinement revealed two principal Ba sites (Ba1 and Ba2) for each sample at 
the three different temperatures. To better observe the possible occupancy variations 
of tunnel cations, the occupancy at Ba1 and Ba2 sites was allowed to vary, the only 
constraint was to fix the displacement parameters at the same average value for each T 
run.  
From 150 K up to RT both Ba1 and Ba2 sites are partially occupied, with a preference for 
Ba1. Increasing the temperature up to 1000 K the Ba tends to concentrate in the Ba2 














Tab. 5.3 - Positional parameters, equivalent isotropic Ueq. displacement parameter and number of apfu at 
varying T in ferrihollandite from Vagli (150) and from Kàjilidongri (298K, 1000K). 
  
T (K) (S.G.) Site x y z Ueq. apfu 
       
150K (P21/n) Ba1 0.25 0.8734(2) 0.75 0.0126 (2) Ba10.78 
 Ba2 0.25 0.3820 (8) 0.75 0.0126 (2) Ba20.22 
       
  
298K (P21/n) Ba1 0.25 0.872(1) 0.75 0.0148 (1) Ba10.78 
 Ba2 0.25 0.3827 (9) 0.75 0.0148 (1) Ba20.33 




Ba1 0 0 0 0.045(4) Ba10.39 
 Ba2 0.5 0.5 (8) 0.24 0.045(4) Ba20.63 
       
 
 
Therefore, at LT and RT the cation distribution is similar: only one type of sequence |Ba-
□| and two different tunnel cations distributions (every two adjacent tunnels due to the 
different position of every Ba site along the b direction) has been observed: 1) Ba1-□-
Ba1 (80%); 2) Ba2-□-Ba2 (20%) (Fig. 5.9). 
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Fig. 5.9 - Tunnel cations distribution in ferrihollandite from Vagli and Kàjilidongri at 150 and 298 K. 
 
Increasing the temperature the tetragonal transition leads to different positional 
parameters for Ba1 site, at the special position (0,0,0), whereas Ba2 is placed at 
(0.5,0.5,0.24). Also in this case just one type of sequence |Ba-□| and two different 
tunnel cations distributions have been observed, but the two different type of cations 
distributions differ in position not only along the tunnel (c) as observed for LT and HT 









Fig. 5.10 - Tunnel cations distribution in ferrihollandite from Kàjilidongri at 1000 K. 
 
Table 4.3a,b,c in Appendix V reports the positional parameters, the refined occupancies, 
the number of atoms per formula unit and the equivalent isotropic displacement 
parameters of each site at 150, 298 and 1000K respectively. Tab 4.4a,b,c reported in 










5.3 Mannardite thermal behavior 
5.3.1 General features at LT and HT conditions 
Refinements of the unit-cell parameters on selected specimens of mannardite from 









0.05)8O16] were carried out in the T range from ca. 100 to 
ca. 700 K. 
Precession images obtained through APEX2 software, taken with the c axis as the 
rotation axis, showed, in addition to the strong “structure” reflections, also extra diffuse 
spots between them, not strong enough to allow structure refinement in the cell with 
doubled c parameter, anyhow indicating positional disorder (Fig. 5.11). 
 
 
Fig. 5.11 - Precession image (h0l). Extra diffuse "superstructure" reflections are visible. 
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One selected single crystal of mannardite (labeled AN01, 0.31 × 0.15 × 0.07 mm) was 
first mounted on a SIEMENS P4 four-circle diffractometer equipped with HT device (see 
Appendix I) and heated up to 700 K. 
At RT the mannardite sample is tetragonal, I4/m, a = 10.142(1), c = 2.9533(3). Increasing 
the temperature the unit-cell volume, as expected, increases quite regularly and no 
change of symmetry has been observed, the structure remains tetragonal within the 
whole T range. The unit cell parameter were refined to a = 10.176(1), c = 2.965(2) at 
500K, and to a = 10.193(1), c = 2.972(2) at 700K. 
Subsequently a sample (labeled 4621, 0.29 × 0.16 × 0.08 mm) was mounted on an 
Xcalibur 3 (Oxford Diffraction) single-crystal diffractometer (see Appendix I) and cooled 
down to 100 K. The unit-cell values were refined first at 150K in the space group I4/m to 
a = 10.1392(4), c = 2.9504(2) and then at 100K, in the same space group to a = 
10.1383(4), c = 2.9494(3). 
The following graphics summarize the trend described by a axis and c axis of the three 








Fig. 5.11 - Lattice parameters a (a) and c (b) plotted as a function of temperature. The blue symbol 
represent sample 4621 from 100 to 298K, the black symbols represent the sample AN01 from 298 to 
700K. 
 
5.3.2 Tunnel cations distribution in LT, RT and HT conditions 
Complete structural refinements of mannardite at LT (100, 150K), RT (298K) and HT 
(500, 700K) have been performed with the aim to observe the extent of the cation 
displacement at varying the temperature.  
Each structure was solved using direct methods through SHELX-97 (Sheldrick, 2008) 
comparing the results with the atomic fractional coordinates found in our previous 
study on hollandite samples. Structural refinement and data-collection information at 
100, 150, 298, 500, 700 K are reported in Table 4.5a,b,c,d,e in Appendix V, respectively. 
Structural refinements revealed, from 100 to 298 K, two principal Ba sites, Ba1 at 
(0,0,0.5) and Ba2 at (0,0,0.65) which are reduced at one site (Ba1) continuing to 
increase the T. The occupancy at Ba1 and Ba2 sites was allowed to vary, the only 
constraint was to fix the displacement parameters at the same average value for each T 
run to better observe the possible occupancy variations of tunnel cations. 
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A significant variation in the occupancy of the extra-framework sites has been observed: 
from 100 K up to 298 K both sites Ba1 and Ba2 are partially occupied, with a preference 
for Ba1, which increase with T. In fact at higher temperature, 500 and 700 K, all Ba tends 

































Tab. 5.3 - Positional parameters, equivalent isotropic Ueq. displacement parameters and number of apfu at 
varying T in mannardite 
  
T (K) (S.G.) Site x y z Ueq. apfu 
       
100 K 
(I4/m) 
Ba1 0 0 0.5 0.0179 (4) Ba10.73 
 Ba2 0 0 0.64 0.0179 (4) Ba20.40 




Ba1 0 0 0.5 0.018 (1) Ba10.76 
 Ba2 0 0 0.65 0.018 (1) Ba20.37 
       
       
298 K 
(I4/m) 
Ba1 0 0 0.65 0.0242 (7) Ba10.81 
 Ba2 0 0 0.65 0.0242 (7) Ba20.32 




Ba1 0 0 0.5 0.042 (1) Ba11.14 
       
       
700 K 
(P4/m) 
Ba1 0 0 0.5 0.049 (1) Ba11.13 
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Therefore, from 100 to 298 K the cations distribution is very similar (although the Ba1 
occupancy increase with T) and two possible sequences of filling the tunnel site are 
possible (Fig. 5.13): in the first case (Fig. 5.13a), every second Ba site is empty, (Ba1 - □). 




Fig 5.12 - The two possible sequences of Ba sites in mannardite from Monte Arsiccio: a) |Ba - □| and b) 
|Ba2a – Ba2b - □|. (c) An overall model of the structure, with all the sites occupied. 
 
At higher temperatures just one type of sequence is observed: (Ba1 - □), the Ba2 site 
being empty (Fig. 5.13).  
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Fig. 5.13 - The Ba1 - □ sequence in mannardite at 500 (left) and 700 K (right) 
 
Table 4.6a,b,c,d,e in Appendix V report the positional parameters, the refined 
occupancies, the number of atoms per formula unit and the equivalent isotropic 
displacement parameters of every atoms at 100, 150, 298, 500 and 700K respectively. 
Tab 4.7a,b,c,d,e, reported in Appendix V, gives selected interatomic bond distances at 













Chapter VI: Water content and phase transition induced by temperature 
in minerals of the hollandite supergroup. 
 
6.1 Introduction 
As a part of the study on the crystal-chemistry of the hollandite minerals we aimed at 
clarifying the possible presence of water therein. In fact, due to the microporous nature 
of these minerals, it cannot be excluded that the tunnels may host water molecules as 
well. The water content of hollandite-supergroup minerals is a controversial issue. Due 
to its "zeolitic" character, water in hollandites should not be regarded as a species-
forming component. Formally, all the minerals of the supergroup are anhydrous. 
However some minor water has been detected in many members of hollandite 
supergroup, such as coronadite (Lindgren & Hillebrand, 1904; Post & Bish, 1989), 
cryptomelane (Richmond & Fleisher, 1942), and hollandite s.s. (BystrÖm & BystrÖm, 
1950; Frondel et al., 1960; Miura, 1986). 
In order to confirm the presence of H2O molecules in hollandite minerals, TG/DSC 
(thermogravimetry and differential scanning calorimetry) and IR (infrared spectroscopy) 
analyses, as well as a modeling study, have been performed on natural samples of 
minerals of the hollandite supergroup: ferrihollandite from Vagli, mannardite (originally 
described as ankangite) from Monte Arsiccio and mannardite from the type locality, 
Rough Claims, Canada. The geological settings of the first two samples have been 













6.2 Modeling approach 
6.2.1 Ferrihollandite from Vagli 
Crystal structure of ferrihollandite from Vagli [ a = 10.152(4), b = 5.828(2), c = 9.938(4)Å, 
β = 90.71(3)°, space group P2/n; which has been already described in detail in the 
previous chapters IV and V, has been refined up to an R factor of 5.01%, and was 
treated according to a modeling approach including water molecules in the tunnels, 




Fig 6.1 - Representation of two adjacent tunnels of anhydrous ferrihollandite from Vagli. The Ba1 and Ba2 
occupancy is respectively ≈ 79 and 23%, therefore, when Ba1 is occupied, Ba2 is empty (≈ 80%), whereas 
when Ba1 is empty, Ba2 is occupied (≈ 20%). 
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We tried to include in the structural refinement some water molecules, namely W2 in 
the site of Ba1, and W1 in the site of Ba2.  
This would result in a better coordination of barium and would avoid unlikely Ba···Ba 
interactions between neighbor cations. Notwithstanding the difficulty in accurately 
refining the occupancy of water molecules sharing the same sites with heavy cations 
(also because of the high mobility of both), a plausible and self-consistent crystal-





Fig. 6.2 - Representation of two adjacent tunnels (a) characterized by the sequence Ba1-W1 and (b) Ba2-
W2 of hydrates hollandite.  
(a) (b) 
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Thus, both the Ba1 and the Ba2 sites would be coordinated by 8 oxygen atoms + 2 water 
molecules (Fig. 6.2).  
In the following table 6.1 the selected interatomic distances of the coordination 
polyhedron around Ba1 and Ba2 sites for anhydrous and hydrated ferrihollandite model, 
are reported. 
 
Tab. 6.1 - Interatomic bond distances of Ba1 and Ba2 coordination polyhedra for anydrous and hydrated 
ferrihollandite model. 
Anhydrous ferrihollandite Hydrated ferrihollandite 
  d (Å)   d (Å)   d (Å)   d (Å) 
Ba1 -O1 × 2 2.9244 Ba2 -O1 × 2 2.9936 Ba1 -O1 × 2 2.9246 Ba2 -O1 × 2 2.9940 
 -O2 × 2 2.9463  -O2 × 2 2.9303  -O2 × 2 2.9467  -O2 × 2 2.9307 
 -O3 × 2 2.9311  -O3 × 2 2.9852  -O3 × 2 2.9317  -O3 × 2 2.9848 
 -O6 × 2 2.9476  -O6 × 2 2.9450  -O6 × 2 2.9472  -O6 × 2 2.9456 
       -W1 × 2 2.9665  -W2 × 2 2.9665 
 
 
Table 5.1, 5.2a,b and 5.3 in Appendix VI report the structural refinement and data-
collection information as well as all the structural data of anhydrous ferrihollandite from 
Vagli.  
Table 5.4, 5.5a,b and 5.6 in Appendix VI report the structural refinement and data-
collection information as well as all the structural data of hydrated ferrihollandite from 
Vagli.  
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Therefore, even if the two refinements are very similar, it cannot be excluded, or better, 


























6.2.2 Mannardite from Monte Arsiccio 
The crystal structure of mannardite from Monte Arsiccio has been already described in 
chapter IV and in chapter V. The unit-cell parameters were refined in the space group 
I4/m to a = 10.1489(2), c = 2.9495(1) Å and β = 90.573(1)° and the structure was refined 
to a R factor of 2.20%.  
According to the modeling approach used for ferrihollandite from Vagli we tried to 
include water molecules also in mannardite. Also in this case an acceptable model has 
been obtained and in addition the refinement converged to R = 2.06%. The following 




Fig 6.3 - (a) anhydrous mannardite model; (b) hydrated mannardite model 
(a) (b) 
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The coordination polyhedron around Ba1 consists of 8 oxygens + 2 water molecules, 
that shares the same site of Ba2.  
In the following table 6.2 the interatomic distances of the coordination polyhedron 
around Ba1 sites for anhydrous and hydrated ferrihollandite model, are reported. 
 
Tab. 6.2 - Interatomic bond distance of Ba1 coordination polyhedron for anhydrous and hydrated 
mannardite model. 
Anhydrous model  Hydrated model 
  d (Å)    d (Å) 
Ba1 -O2 × 8 2.9890  Ba1 -O2 × 8 2.9889 
 -Ba2 × 2 2.5092   -H2O x 2 2.5267 
 
 
Tables 5.7, 5.8a,b and 5.9 in Appendix VI reports the structural refinement and data-
collection information as well as all the structural data of anhydrous mannardite from 
Monte Arsiccio.  
Tables 5.10, 5.11a,b and 5.12 in Appendix VI reports the structural refinement and data-
collection information as well as all the structural data of hydrated mannardite from 
Monte Arsiccio.  
Therefore, we can conclude that it is possible also for mannardite from Monte Arsiccio 









6.3 TG/DSG analysis 
In order to confirm the presence of H2O molecules in ferrihollandite from Vagli, TG/DSC 
analyses were carried out on ca. 15mg of powdered samples, using simultaneous TG-
DSC-QMS equipment, from room temperature to 1200°C, with a thermal gradient of 
10°C/min.  
The products of each heating process were then examined by means of X-ray powder 
diffraction (XRPD) in order to identify the final products of the experiments. The 
experimental conditions are described in detail in the Appendix I. 
The results suggest the presence of four step of weight loss: 
1) at T ≈ 550°C a small endothermic peak is related to a weight loss of ≈ 0.4 wt.%, 
possibly due to the loss of molecular water; 
2) at T ≈ 730°C the first important endothermic reaction takes place and it is related to a 
weight loss of ≈ 1.8 wt.%; 
3) at T ≈ 850°C a broad endothermic peak is related to a weight loss of ≈ 3 wt.%; 
4) at T ≈ 950°C the most important weight loss of ≈ 4 wt.% takes place. 
The four steps are featured in Fig. 6.4. 
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Fig. 6.4- TG/DSC analysis for hollandite from Vagli. TG curve is represented by solid line, DSC curve by 
dashed line.  
 
The total weight loss of the sample is ≈ 9.2 wt.%. 
Then, the resulting products relative to the most significant weight loss, i.e. at 730, 850, 
950 °C, as well as the final product at 1200 °C, were identified through X-ray powder 














At room temperature the ferrihollandite pattern is characterized by the strongest peak 
at 3.14 and 3.11 Å, together with a series of other less intense peaks characteristic of 
this phase. The first endothermic peak at 730°C observed in the DSC curve, corresponds 
to the crystallization of a new phase characterized by the new weak peak observed in 
the diffraction pattern at 2.71 Å. It corresponds to bixbyite [(Mn3+,Fe3+)2O3] that is 
coexistent with that of ferrihollandite, although the latter has a lower intensity. The 
broad endothermic peak at 850 °C in the DSC curve, correspond to the formation of 
hausmannite (Mn2+Mn3+2O4): two peaks characteristics of this phase are observed at 
3.08 and 2.49 Å. The XRPD indicates that hausmannite is coexisting with bixbyite and a 
small amount of ferrihollandite. At 950°C, where the main weight loss takes place, the 
peaks characteristics of ferrihollandite and bixbyite disappear, and the hausmannite is 
the only phase recorded.     
At 1200°C the final product consists of hausmannite and, probably, an amorphous 
barium permanganate phase of the kind Ba(MnO4)2.   
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Several authors (Faurling et al., 1960; Rode, 1955) observed in cryptomelane a 
crystallization of a further phase (Mn3O4) at approximately 1050°C with spinel structure. 
However, it is not our case because the diffraction pattern at 1200 °C does not reveal 
any other crystalline phase but hausmannite. 
 
According to the TGA results, the water desorption, corresponding to a weight loss of 
about 0.4%, ends below at about 550°C. The subsequent three weight losses of about 
1.8, 3 and 4%, were then related to the oxygen loss that occurs with reduction of Mn4+ 
in ferrihollandite, leading to the formation of oxygen-deficient products such as bixbyite 
and hausmannite. This process is shown in the following equation: 
2Mn4+ + 2O2-                2Mn3+ + O2- + □ (oxygen vacancy) 
The oxygen atoms can escape from the oxide surface into the atmosphere, leaving 
oxygen vacancies that are filled by electrons (Zhang & Suib, 1999). 
Further TG/DSC runs have been carried out on two other samples of hollandite from 
Ultevis, Lappland and ferrihollandite from Jakobsberg mine, Nordmark, Sweden, 
characterized by a b parameter of ca. 2.9 Å (at difference from ferrihollandite from Vagli 
which has b parameter of about 5.8 Å). No substantial difference was observed. The 
weight losses are similar to the case discussed above. Hence, we assume that a small 
amount of water could be present in hollandite, irrespective of its structural features, 











6.4 IR analysis 
Through the modeling approach, as well as TG/DSC analysis, we were able to assume 
the possible presence of small amount of water in hollandite s.l. minerals due to their 
porous structure. Indeed these manganese oxide minerals have an atomic framework 
composed of edge-sharing MnO6 octahedra with tunnels which are potentially filled 
with water molecules and a variety of cations. Despite the large number of 
mineralogical studies devoted to these minerals, little is known on the extra framework 
water content of the channels, and this is mainly due to the well-known difficulty in the 
microanalysis of light elements such as H. Infrared spectroscopy is an efficient 
technique which better allows a direct identification of H2O molecules in a sample. It 
was also thanks to IR spectroscopy that we discredited the mineralogical species 
ankangite as a variety of mannardite.  
In literature ankangite, [Ba(Ti4+6V
3+
2)O16], is reported as a nominally anhydrous mineral 
with a chemical composition that differs from mannardite composition only for the 
content of water. However, as mentioned several times in this thesis, the water content 
in the hollandite supergroup minerals does not represent a discriminant factor between 
two distinct species because of its "zeolitic" character.  
In this regard, three samples of hollandite s.l. minerals have been analyzed through IR 
spectroscopy: 
 - ferrihollandite from Vagli, Apuan Alps, Tuscany, Italy, ideally, BaMn4+6Fe
3+
2O16; 
- mannardite from Monte Arsiccio, Sant'Anna di Stazzema, Stazzema, Apuan Alps, 
Tuscany, Italy, with ideal stoichiometry  BaTi4+6V
3+
2O16 (ex-ankangite); 
- mannardite from Rough Claims, Kechika River, Br. Columbia, Canada 
Ferrihollandite and mannardite from M. Arsiccio were already described. Mannardite 
from Rough Claims occurs in narrow quartz-carbonate veins that cut a Devonian shale 
and siltstone sequence on the Rough Claims between the Kechika and Gataga Rivers. 
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IR spectra were obtained on single crystals in transmission mode using a Nicolet Avatar 
FTIR spectrometer (see appendix I) in the 4000 - 550 cm-1 region and are presented in 
Fig. 6.5a,b,c respectively for ferrihollandite from Vagli, mannardite1 (ex-ankangite) from 











Fig. 6.5a,b,c Infrared spectra (a) ferrihollandite, (b) mannardite1, (c) mannardite2 
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For ferrihollandite from Vagli the IR spectrum did not reveal any peak relative to the 
water stretching and bending absorption bands: this could indicate that the sample of 
ferrihollandite is anhydrous, or that the water content was too low to be detected. 
Maybe some water was present and has been loss during the experimental runs. 
The infrared spectra of mannardite1 (ex-ankangite) and mannardite2 are very similar, 
consisting of a broad band extending from 2800 to 3800 cm-1, plus a band centred at 
about 1620 cm-1. These bands are related to the H2O stretching and bending vibration 
modes respectively. This suggests that some water molecules are present in the 
mannardite samples. This is consistent with the three-dimensional structure with 
channels running between Mn-O chains. It is very likely that zeolitic H2O is randomly 
located within these open channels gives rise to the large broad band centered at ca. 
3350 cm-1 and 3500 cm-1 in mannardite1 and mannardite2, respectively. 
Thanks to this last analysis, we can confirm that the mineral previously known as 
ankangite is chemically identical to mannardite, even in the (moderate) water content. 
Moreover we can confirm our previous assumption, namely, that a small amount of 
"zeolitic water" may be present in minerals of the hollandite supergroup without 















VII Conclusions  
The considerable interest in tunnel oxides arises from their technological importance 
due to their microporous features. Specifically, tunnel oxides are often referred to as 
Octahedral Molecular Sieves (OMS), an acronym that mirrors that of ZSM that is applied 
to zeolite-like molecular sieves. The latter are based on a tetrahedral framework. 
Thanks to the features in common with zeolites, tunnel oxides have the capability to 
incorporate extra-framework cations and therefore are used as cation exchangers, 
immobilization agents and catalysts. Beside the many applications, tunnel oxides are 
very common in nature and are found in a wide variety of geological settings. 
Among the tunnel oxides phases, we focused our interest on minerals of the hollandite 
supergroup, which are by far the most important and common. Structurally they are 
characterized by octahedral walls (2 × 2 octahedra wide) cross-linked to each other to 
build up a tunnel structure and these tunnels are large enough to host mono- and 
divalent cations (tunnel cations) and in some cases water molecules. On chemical 
grounds, the hollandite supergroup can be divided into two groups depending on the 
dominant tetravalent cation in the octahedral walls: the coronadite group (with Mn4+ as 
octahedral cations) and the priderite group (with Ti4+ as octahedral cation).  
Several X-ray diffraction experiments at ambient and non-ambient conditions on several 
samples of hollandite s.l. minerals have been widely discussed in this thesis, with the 
aim of better understanding the cation distribution within the tunnels as well as the 
thermal behavior of these minerals. A series of analyses carried out to ascertain the 
presence of water molecules in the tunnels has been performed. Moreover, the 
nomenclature revision as well as the new classification of minerals of hollandite 
supergroup has been presented. The new classification has been submitted to the 
Commission on New Minerals, Nomenclature and Classification of the International 
Mineralogical Association and has been approved. The proposal was subsequently 
submitted to the European Journal of Mineralogy and is currently being published. 
Some conclusions will be summarized here and the possible developments suggested by 
the studies carried out so far will be highlighted. 







● As a general rule, a mineral is considered a distinct species on the basis of the 
dominant chemical element at any independent crystallographic site. In this specific 
case, the nomenclature of the members of the hollandite supergroup, and their status 
as valid species, depend on both the dominant tunnel cation (A+ or A2+, called DTC) and 
the dominant charge-compensating octahedral cation (M3+, or more rarely M2+, called 
DCCC) that partially substitutes for the tetravalent cations (Mn4+ and Ti4+) in the 
octahedra. 
The previous databases and lists of mineral species did not provide a clear identification 
of the DTC and DCCC, and for some of the minerals of the supergroup a clear definition 
of the end-member formula was lacking. As a consequence, minerals with different 
compositions were mentioned in literature with the same name. Therefore a new 
classification was necessary. 
The main results of the new classification are the following: 
- re-definition of hollandite as the Ba-Mn3+ end-member of the coronadite group and 
concurrent introduction in the mineralogical nomenclature of ferrihollandite, the Ba-
Fe3+ end-member; 
- discreditation of the mineral ankangite (= mannardite); 
- definition of all the end-member formulae of all existing and potentially new mineral 
species of the hollandite supergroup. 
 
● In literature data of both natural and synthetic members of the supergroup, positional 
disorder at the tunnel cations positions is often observed. In fact, as widely discussed in 
this thesis, the cations are displaced off the special positions [(0,0,0) or (0,0,1/2)] due to 
the different ionic radii and to the local interactions with the oxygen atoms of the 
framework, as well as to the impossibility of placing cations on neighbor, translationally 
related and fully occupied sites, in two adjacent unit cells along the tunnel axis.  
Most of our samples have shown the characteristic tunnel cations displacement as 
observed in many literature cases. Moreover, the samples follow the rule that when the 






50% (i.e. 1.0 atoms per unit cell) whereas when the tunnel sites are occupied by 
monovalent cations (such as K+) then the site occupancy is near 66% (i.e. 1.33 atoms per 
unit cell) (Post & Bish, 1989). This corresponds respectively to two main type of 
sequences of filling the tunnel A sites: 
1)  A1 - □ (occupancy ≈ 50%); 
2) A2a – A2b - □ (occupancy ≈ 66%); 










3+)O16]. Almost all the samples were refined with a single cell 
(c or b axis ≈ 2.9 Å) , space group I/4m or I2/m. Two samples of ferrihollandite (from 
Kàjilidongri and Vagli) were refined with a double cell, b axis ≈ 5.8 Å, space group P21/n. 
The samples with K+ as dominant tunnel cation showed approximately a tunnel 
occupancy of 66%. In fact, as EMPA analysis and structural refinement showed, 














respectively 1.37 - 1.40 atom per unit cell, indicating that the sequence A2a – A2b - □, 
with  ⅔ of tunnel site filled, is the most probable.  









0.11)7.93O16] has 1.58 (from EMP analysis) and 
1.12 (from structural refinement) atoms per unit cell indicating that both sequences 
above described are possible. Also in cryptomelane from Kàjilidongri mine (no chemical 
analyses are available) the probability to find both the two tunnel sequences is almost 
the same.  
All the other samples have Ba2+ as dominant tunnel cation. All of them have less than 
1.33 atoms per unit cell (from structural refinements and from EMPA analyses), 







● Another issue addressed in this thesis was the structural studies of hollandite s.l. 
minerals at non ambient conditions, particularly at low and high temperature, aiming at 
understanding the effect of temperature on the cation mobility and the distortions that 
these minerals may undergo. 
Single-crystal X-ray diffraction measurements were performed on ferrihollandite from 
Vagli and from Kàjilidongri (ideally BaMn4+6Mn
3+
2O16, s.g. P2/n), and mannardite from 
Monte Arsiccio (ideally BaTi4+6V
3+
2O16, s.g. I4/m) in the range of temperature from 100 
to 900 K. At room temperature ferrihollandite and mannardite are topologically very 
similar: mannardite has ideal topological symmetry I4/m, a = 10.142 (1), c = 2.9533 (3), 
whereas ferrihollandite framework is slightly distorted and assumes monoclinic 
structure, P2/n, a = 10.006 (6), b = 5.746 (1), c = 9.796 (3) Å and β = 90.75(2)°.  
As expected, increasing the temperature, the unit cell volume as well as interatomic 
distances of both phases, increase quite regularly. However, a substantial difference 
between the thermal behaviors of the two minerals has been observed. 
Monoclinic ferrihollandite (P2/n) undergoes a transition to pseudo-tetragonal (P4/m, a 
= 9.915 (2), b = 5.764 (2), c = 9.904 (5) Å and β = 90.08°) at 530 K. This reaction is 
reversible for an heating up to 530 K. Above this temperature the transition to the 
tetragonal form becomes irreversible. The main cause of this distortion can be ascribed 
to the intrinsic octahedral distortion of the framework at room T. In fact, at higher T, M-
O distances become more regular leading to an overall regularization of the structure.   
Conversely, mannardite is tetragonal (I/4m) within the whole T range (from 100 to 800 
K) and does not undergo any structural transition. 
Complete structural refinements of ferrihollandite and mannardite from Low T (Tmin = 
100K) to high T (Tmax = 1000K) revealed and interesting mobility of the tunnel cations at 
varying the temperature.  
In both samples the structural refinement revealed the presence of two Ba sites, Ba1 






In ferrihollandite at LT and RT conditions the occupancy of Ba1 sites (≈ 80%) is higher 
than that of Ba2 (≈ 20%). Increasing the T up to 1000 K the opposite situation is 
observed: the occupancy of Ba2 site (≈ 60%) is greater than that of Ba1 (≈ 40%). This 
trend suggests that, if we had the possibility to reach higher temperature, all barium 
would concentrate in the Ba2 site whereas the Ba1 would become empty. 
In mannardite, the opposite behavior has been observed. At LT and RT condition both 
sites Ba1 and Ba2 are partially occupied (≈ 75% and ≈ 35% respectively). At higher 
temperature, 500 and 700 K, all barium tends to concentrate in the Ba1 site (100%) and 
Ba2 site becomes empty. 
Taking into account the substantial differences between the two thermal behaviors of 
ferrihollandite and mannardite, a comparison of the variation of the unit cell 
parameters with T has been done in both cases. The aim was to observe the different 
elasticity of the structures as a function of temperature (Fig. 7.1).   
 
Fig. 7.1 – V/V0  for ferrihollandite and mannardite at different temperatures. The volume data are 
normalized with respect to the room-temperatue. The rhombs symbols represent  different specimens of 







In spite of the observed differences, ferrihollandite and mannardite have the same 
structural rigidity, increasing the temperature. Analytical points (plotted in Fig. 7.1) 
follow the same trend. Unfortunately, no LT data for ferrihollandite have been 
recorded. We may only assume that the same trend of mannardite could be valid for 
ferrihollandite, too. Different angular coefficients, that correspond to the volumetric 
thermal expansion coefficient ᾱV , are  observed in the LT-RT and RT-HT portions (Tab. 
7.1). The volumetric thermal expansion coefficients have been calculated through the 
formula ᾱV = 2*[(VHT - VRT)/(VHT + VRT)]/(HT-RT) for T range from 298K to 1000K, and 
through the formula ᾱV = 2*[(VRT - VLT)/(VRT + VLT)]/(RT-LT) for T range from 100K to 150K 
(calculated only for mannardite sample), where VHT, VRT, VLT are the volume values at 
1000, 298, and 100K respectively. For 100 < T(K) < 298 K the structure is more rigid in 
respect to temperature variations: the LT region of the diagram thevolumetric thermal 
expansion coefficent ᾱV is three-times lower if compared to that calculated for the HT 
region. 
 
Tab. 7.1 - Volumetric thermal expansion coefficients ᾱV for ferrihollandite and mannardite in respect to 
temperature variations.  
 
T (K) ᾱV (mannardite) ᾱV (ferrihollandite) 
100 < T  < 298 10,4 * 10-6 - 
298 < T < 1000 25,11 * 10-6 29,10 * 10-6 
 
 
● Finally we aimed at defining the possible presence of water in the minerals of the 
hollandite supergroup. In fact, due to the microporous nature of these minerals, it 






In order to ascertain the presence of H2O molecules in hollandite minerals, TG/DSC and 
IR analyses, as well as a study through a modeling approach, have been performed on 
samples of ferrihollandite from Vagli and mannardite from Monte Arsiccio. 
Through the modeling approach we tried to include water molecules in the tunnels of 
the two minerals in place of the barium sites. This would avoid the unlikely Ba···Ba 
interactions between neighbor cations. In both "hydrous" models the R decreased, 
although slightly, in respect to the R observed for "anhydrous" models (from 5.01% to 
4.97% for ferrihollandite and from 2.20% to 2.06% for mannardite). 
The improvement of the refinement R values of both ferrihollandite and mannardite is 
too low to allow us to decide which of the two models (anhydrous and hydrous) better 
fits the experimental data, anyway it cannot be excluded that ferrihollandite from Vagli 
and mannardite from Monte Arsiccio contain some water molecules into the tunnels. 
Essentially, what we obtained for both structures is a coordination polyhedron of the Ba 
sites formed by 8 oxygen atoms + 2 water molecules. The interatomic distances Ba-O 
and Ba-H2O are more than acceptable.  
In order to confirm the presence of H2O molecules, TG/DSC runs have been carried out 
for ferrihollandite from Vagli. 
According to the TGA results we observed that the possible water desorption, 
corresponding to a weight loss of about 0.4%, ends below about 550°C. Subsequently, 
three weight losses of about 1.8, 3 and 4% were observed. These  weight losses were 
related to the oxygen loss that occurs with reduction of Mn4+ in ferrihollandite, leading 
to the formation of oxygen-deficient products such as bixbyite [(Mn3+,Fe3+)2O3] and 
hausmannite (Mn2+Mn3+2O4).  
To confirm the TGA results, one sample of ferrihollandite from Vagli and two sample of 
mannardite, from Monte Arsiccio and Rough Claims, have been analyzed by IR 
spectroscopy. 
For ferrihollandite from Vagli, IR spectroscopy did not reveal any peak relative to the 
OH- stretching vibration: this could indicate that the sample of ferrihollandite is 






On the contrary, for both mannardite samples the strongest absorption peaks appeared 
in the 2500 -3700 cm-1 region, with positions at ca. 3350 cm-1 and 3500 cm-1. These 
values correspond to the OH- stretching vibrations of hydrogen-bonded water 
molecules. A rather broad H2O bending band of lower intensity is present in both 
samples at about 1600 cm-1. This indicates that there are some water molecules in the 
mannardite samples.  
Thanks to this last analysis, we can confirm that the mineral previously known as 
ankangite (the current mannardite from Monte Arsiccio) is chemically identical to 
mannardite minerals, even in the water content. 
Moreover we can confirm that a small amount of "zeolitic water" may often be present 
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APPENDIX I: Experimental techniques 
Single Crystal X-ray diffraction 
● Philips PW 1729 Weissenberg Camera (University of Pisa) 
Prismatic crystals of ferrihollandite from Vagli and mannardite from Monte Arsiccio 
were carefully selected and examined with a Weissenberg Camera (Fig.1), operating at 
40 kV and 25 mA, to obtain oscillation photographs. 
 
 
Fig. 1 - Weissenberg camera 
The crystals were mounted with the tunnel axis b or c in the direction of the camera axis 
and through an electric motor oscillates of 45 degrees from either side around its axis. 
The X-rays reach the sample perpendicularly and a photographic film placed to form a 
cylinder around the crystal (with radius of 28.65 mm and height of 120-130 mm) 








● Bruker AXS  diffractometer (University of Pisa) 
For the structural refinement at room conditions, several crystals of the hollandite 
supergroup minerals from different localities were mounted on a Single-Crystal Bruker 
AXS  diffractometer (Fig. 2), operating at 50 kV and 40 mA and equipped with a graphite 
crystal-monochromated MoKα X-ray source, a 3-axis K-goniometer (Fig. 3) and a  
SMART APEX CCD area detector system (Fig. 4) placed at 50 cm from the mounting 
system of the sample. All the intensity data were collected up to 70° in 2θ.  
The APEX2 software package programs [Bruker AXS Inc. (2004)] controls the 
experiments, from centering and diffraction quality determination of a crystals to the 
Lorenz-polarization and absorption correction, namely, it controls all the operations for 
a typical crystallographic study. 
 
 








Fig. 3 - Kappa goniometer 
 
 






● Siemens P4 four-circle diffractometer (University of Pisa) 
For the structural study, at room and high temperature conditions, of ferrihollandite 
from Vagli and mannardite from Monte Arsiccio a Siemens P4 four-circle diffractometer 
(Fig. 5) was used. It is equipped with a graphite-monochromated MoKα X-ray source, a 
four circle goniometer (Fig. 6), a point detector and a high temperature device, 
operating at 40 kV and 30 mA. Intensity data were collected up to 60° in 2Θ, with a scan 
speed of 2°/min and a scan range of ± 0.50 in Θ.  
For the high T experiments the temperature was monitored and controlled by a pair of 
thermocouples placed a few millimeters away from the sample, which is enclosed in a 
small cylindrical furnace. 
 
 




























● Oxford Diffraction Xalibur 3 single-crystal diffractometer (University of Firenze) 
X-ray diffraction data collection at low temperature was carried out with the Oxford 
Diffraction Xcalibur 3 single-crystal diffractometer, equipped with a CCD are detector 





Fig. 7 - Oxford Diffraction Xcalibur 3 single-crystal diffractometer, equipped with a CCD are detector (in 
red) and a cryostream cooler (in blue) 
 
 
The low temperature was achieved by means of an Oxford cryostream cooler (see Fig. 
7). Before every measurement, the samples were held at the specified temperature for 
about 60 min.   
Intensity integration and standard Lorentz-polarization correction were performed with 
the CrysAlis software package. The empirical method proposed by Blessing (1995), was 








Chemical analyses techniques 
 
● Philips XL 30 SEM (University of Pisa) 
Qualitative SEM/EDS chemical analyses of our hollandite s.l. samples was made on the 
Philips XL 30 SEM (Fig. 8), a conventional electron scanning microscope that provides 
both secondary electron and backscattered electron images. It works at 20 kV, variable 
beam diameter (from 200 to 20 µm) using the following standard: Albite (NaAlSI3O8), 
Diopside (CaMgSi2O6), Sanidine (KAlSi3O8) and glass. There are no standard calibration 
for all the other elements, thus only a qualitative analyses was done. 
All the samples were mounted on a specimen stub (Fig. 9) and coated with an ultrathin 












Fig. 9 - Some SEM/EDS specimen stubs 
 
● ARL-SEMQ microprobe (University of Modena and Reggio Emilia) 
Hollandite s.l. crystals in polished section were analyzed through an ARL-SEMQ electron 
microprobe at Modena and Reggio Emilia University (Fig. 10). 
 
 
Fig. 10 - ARL-SEMQ electron microprobe 
The analytical conditions were 15 kV, 20 nA and a beam size of 15 µm. The following 






synthetic Cr2o3 (CrKα), metallic Zn (ZnKα), cerussite (PbKα), ilmenite (FeKα), albite 
(NaKα), Sr-anortite (SrKα) and spessartine (MnKα).  
 
TG/DSC analysis, powder diffraction and IR spectroscopy 
● Netzsch STA 449C Jupiter (University of Pisa) 
Powder sample of ferrihollandite from Vagli (ca. 15 mg) were used for DSC (Differential 
Thermal Calorimetry) and TG (Thermo-Gravimetry) analyses. The thermal analyses were 
performed by means of the TG-DSC-QMS equipment (TA Instruments, model Netzsch 
STA 449C Jupiter) (Fig. 11).  
 
 
Fig. 11 - TG-DSC-QMS equipment 
 
The experimental conditions were: 
- continuous heating from room temperature (20°C) to 1200 °C; heating rate of 10 
°C/min;  
- flux of inert-gas (N2) dynamic atmosphere (30 ml/min);  







After each TG/DSC runs, the products were identified through Philips PW 1011 powder 
diffractometer (XRPD) (Fig. 12) using a Bragg-Brentano geometry and Ni-filtered CuKa 
radiation, equipped with a Philips PW 1050 goniometer and working at 40kV and 20mA.  
 
 


















● Nicolet Avatar FTIR spectrometer (University of Bari) 
Infrared spectra were collected in the range 4000-550 cm-1 using a Nicolet Avatar FTIR 
spectrometer (Fig. 13), equipped with a continuum microscope, a MCT nitrogen-cooled 
detector and a KBr beam splitter. Nominal resolution was 4 cm-1 and final spectra are 
the average of 128 scans. Unpolarized spectra were acquired with the single crystal 
samples mounted on glass capillaries.  
 
 
















APPENDIX II: Recalculation of the ideal chemical formula of minerals of the hollandite 
supergroup (Chap. III) 
For the recalculation of both literature and our EMP analyses the analytical data have 
been recalculated on the basis of 8 total octahedral cations (O.C.) and 16 oxygen atoms 
per formula unit (pfu) (see par.3.3, chap. III). In some of the older literature analyses, 
total Mn was expressed as MnO or already splitted between MnO2 and MnO. Because 
the oxidation state of Mn in hollandite s.l. minerals is +4 and +3 (Post et al.,1982) all the 
literature analyses have been recalculated first transforming all MnO as MnO2Tot and 
subsequently splitting it into MnO2 (Mn
4+) and Mn2O3 (Mn
3+). 
In the following tables, the DCCC of every sample and the new minerals species are 























Tab. 1.1 - Chemical recalculation of coronadite analyses from literature: (1) Lingred & Hillebrand, (1904); (2a), (2b) 

























   
   
 (1) (2a) (2b) 
Oxides    
    
PbO 26.96 26.20 28.66 
CaO  0.39  
Na2O  0.18  
MnO2Tot 64.17 58.29 68.54 
MnO2 45.69 49.06 45.66 
Mn2O3 16.77 17.59 17.89 
Al2O3  1.51 0.68 
Fe2O3  0.19 1.10 
SiO2  0.40  
CuO 0.05  0.05 
ZnO 0.1  0.11 
FeO 0.91   
    
Total 100.34 95.52 94.15 
    
N. of ions based on 16 O and 8 O.C. 
    
Pb2+ 1.28 1.14 1.32 
Ca2+  0.07  
Na+  0.06  
    
∑ T.C. 1.28 1.27 1.32 
    
Mn4+ 5.59 5.47 5.38 
Mn3+ 2.26 2.16 2.32 
Al3+  0.29 0.14 
Fe3+  0.02 0.14 
Si4+    
Cu2+ 0.01 0.06 0.01 
Zn2+ 0.01  0.01 
    
∑ O.C. 8 8 8 






Tab. 1.2 - Chemical recalculations of hollandite s.s. analyses from literature: (1) Fermor, (1906); (2) Post et al., (1982); 
(3a), (3b), (3c), (3d), (3e) Enami & Banno, (2001); (4) Miura, (1986); (5) Miura et al., (1987); (6) Franceschelli et al., 
(1996); (7) Hollandite from Vagli (EMP analysis, this study); in red  DCCC, in blue EMPA analysis, in purple 
ferrihollandite, are indicated. 
  
Hollandite (and ferrihollandite)  
  
 (1) (2) (3a) (3b) (3c) (3d) (3e) (4) (5) (6) (7) 
Oxides            
            
BaO 17.59 13.81 9.12 8.36 8.88 13.70 17.80 13.42 14.16 17.30 14.63 
PbO  4.45 0.91 1.47   0.03     
SrO   4.10 4.45 2.96 1.98 0.10    2.77 
CaO   0.21 0.11 0.12 0.06 0.38  0.02 0.30  
K2O  0.23 0.80 0.61 0.25 0.44  2.08 0.54  0.05 
Na2O  0.58 0.19 0.05 0.20 0.14 0.06  0.37  0.09 
TiO2   1.00 0.94 1.01 0.94 4.78  0.45 0.40 3.06 
MnO2Tot 71.23 67.48 75.20 74.20 76.20 75.00 63.90 79.13 73.43 75.81 68.35 
MnO2 64.96 62.41 64.44 65.19 66.88 63.54 56.59 61.92 64.51 59.90 58.83 
Mn2O3 6.29 4.60 9.77 8.18 8.46 10.41 6.63 15.63 8.10 14.44 8.64 
NiO         0.09   
CuO   0.06 0.12   0.05    0.03 
ZnO            
MgO   0.01 0.01 0.01 0.01   0.03   
FeO          1.21  
Fe2O3 10.56 12.63 7.25 8.18 6.99 6.67 11.90 1.71 7.80  9.76 
Al2O3 0.94 1.45 1.04 0.89 1.06 0.97 0.81  0.25 1.10 0.79 
SiO2  0.58 0.04 0.01        
            
Total 100.34 100.74 98.94 98.57 98.03 98.86 99.13 94.76 96.23 94.65 98.65 
            
Number of ions based on 16 O and 8 O.C.  
Elements         
         
Ba2+ 0.94 0.74 0.48 0.44 0.46 0.73 0.97 0.75 0.77 0.99 0.79 
Pb2+  0.16 0.03 0.05   0.001     
Sr2+   0.32 0.35 0.23 0.16 0.01    0.22 
Ca2+   0.03 0.02 0.02 0.01 0.06  0.003 0.05  
K+  0.04 0.14 0.10 0.25 0.07  0.38 0.09  0.01 
Na+  0.15 0.05 0.01 0.05 0.04 0.02  0.10  0.02 
            
∑ T.C. 0.94 1.09 1.05 0.97 1.01 1.01 1.06 1.13 0.97 1.04 1.04 
            
Ti4+   0.10 0.09 0.10 0.10 0.50  0.05 0.04 0.32 
Mn4+ 6.12 5.91 5.99 6.08 6.17 5.99 5.42 6.12 6.22 6.02 5.62 
Mn3+ 0.65 0.48 1.00 0.84 0.86 1.08 0.70 1.70 0.86 1.60 0.91 
Ni2+         0.01   
Cu2+   0.01 0.01   0.01     
Zn2+           0.003 
Mg2+   0.002 0.002 0.002 0.002   0.01   
Fe2+   0.01       0.15  
Fe3+ 1.08 1.30 0.73 0.83 0.70 0.68 1.24 0.18 0.82  1.02 
Al3+ 0.15 0.23 0.16 0.15 0.17 0.15 0.13  0.03 0.19 0.13 
Si4+  0.08 0.005 0.001        
            
∑ O.C. 8 8 8 8 8 8 8 8 8 8 8 






Tab. 1.3 - Chemical recalculations of cryptomelane analyses from literature: (1a), (1b), (1c), (1d) Richmond & Fleisher, 
(1942); (2a), 2(b) Miura et al., (1987); (3) Cryptomelane from Montalto di Mondovì (EMPA analysis, this study); in red  
DCCC, in blue EMPA analysis, in green Fe3+- cryptomelane and in purple Zn2+- cryptomelane (both new mineral 
species), are indicated. 
 
Cryptomelane (and new mineral species) 
 
 (1a) (1b) (1c) (1d) (2a) (2b) (3) 
Oxides        
     0.10   
BaO 1.04   0.13   2.84 
SrO 0.21      1.61 
CaO 0.30  0.28 0.27 0.39 0.44  
K2O 3.88 3.10 3.84 3.50 4.22 5.00 6.28 
Na2O 0.47 0.48 0.56 0.44 0.27 0.27 0.18 
TiO2    0.01 0.48   
MnO2Tot 90.96 89.79 85.56 85.68 66.54 76.68 82.34 
MnO2 81.11 88.07 83.92 85.68 66.54 74.95 70.23 
Mn2O3 9.29 1.88 1.91   1.57 8.13 
Cr2O3      0.02  
MgO  0.07 0.02 0.05 0.04  0.04 
CuO 0.44  0.06 0.12    
CoO 0.21 0.08 0.21     
ZnO  1.69  5.23   0.05 
NiO   0.02     
Fe2O3 0.36 0.19 4.00 0.46 18.47 9.02 6.93 
Al2O3  0.39 1.37 0.37 0.22 0.01 0.18 
SiO2 0.03 0.18 0.35 0.58 0.14   
P2O5 0.19   0.07    
H2O     1.12   
        
        
Total 97.53 96.13 96.53 96.91 91.99 91.28 96.47 
 
Number of ions based on 16 O and 8 O.C. 
 
Elements     
     
Ba2+ 0.06   0.01 0.005  0.15 
Sr2+ 0.02      0.12 
Ca2+ 0.04  0.04 0.04 0.06 0.06  
K+ 0.62 0.49 0.61 0.56 0.71 0.85 1.06 
Na+ 0.11 0.12 0.13 0.11 0.07 0.07 0.04 
        
∑ T.C. 0.85 0.61 0.78 0.72 0.85 0.98 1.37 
        
Ti4+    0.001 0.05   
Mn4+ 7.01 7.55 7.17 7.40 6.06 6.93 6.43 
Mn3+ 0.88 0.18 0.18   0.16 0.83 
Cr3+      0.002  
Mg2+  0.01 0.004 0.01 0.01  0.01 
Cu2+ 0.04  0.01 0.01    
Co2+ 0.02 0.01 0.02     
Zn2+  0.15  0.48   0.01 
Ni2+   0.002     
Fe3+ 0.03 0.02 0.37 0.03 1.84 0.91 0.69 
Al3+  0.06 0.2 0.04 0.03 0.002 0.04 
Si4+ 0.004 0.03 0.05 0.06 0.02   
P5+ 0.02   0.007    
        
∑ O.C. 8 8 8 8 8 8 8 
        
O2- 16 16 16 16 15.51 16 16 
OH-     0.49   
        
∑ (O,OH) 16 16 16 16 16 16 16 






Tab. 1.4 - Chemical recalculations of manjiroite analyses from literature: (1a), (1b), Nambu & Tanida, (1967); in red  

































 (1a) (1b) 
Oxides   
   
BaO 0.16 0.37 
PbO   
SrO   
CaO 0.22 0.26 
K2O 1.39 2.27 
Na2O 2.99 1.89 
TiO2   
MnO2Tot 85.79 87.97 
MnO2 84.02 80.59 
Mn2O3 8.69 7.06 
Cr2O3   
MgO 0.18 0.06 
CuO 0.03 0.02 
CoO  0.01 
ZnO 0.03 0.03 
NiO   
Fe2O3 0.40 0.89 
Al2O3 0.62 0.96 
SiO2 0.12 0.24 
   
Total 98.85 94.65 
Number of ions based on 16 O and 8 O.C. 
Elements   
   
Ba2+ 0.01 0.02 
Pb2+   
Sr2+   
Ca2+ 0.03 0.04 
K+ 0.21 0.37 
Na+ 0.70 0.46 
   
∑ T.C. 0.95 0.89 
   
Ti4+   
Mn4+ 7.03 7.05 
Mn3+ 0.80 0.68 
Cr3+   
Mg2+ 0.03 0.01 
Cu2+  0.002 
Co2+  0.001 
Zn2+ 0.003 0.003 
Ni2+   
Fe2+   
Fe3+ 0.04 0.09 
Al3+ 0.09 0.14 
Si4+ 0.01 0.03 
   
∑ O.C. 8 8 






Tab. 1.5 - Chemical recalculations of priderite analyses from literature: (1) Norrish, (1951); (2) Post et. al., (1982); 
(3a),(3b), Wagner & Velde, (1986); (4a), (4b), (4c), (4d), Mitchell & Lewis, (1983); (5a), (5b), (5c), Zhuravleva et al., 
(1978); in red  DCCC are indicated. 
 
Priderite 
            
 (1) (2) (3a) (3b) (4a) (4b) (4c) (4d) (5a) (5b) 5(c) 
            
Oxides            
            
BaO 6.70 7.54 5.43 6.30 13.1 5.8 7.40 5.00 6.7 5.80 13.1 
PbO            
SrO            
CaO          0.04 0.07 
K2O 5.60 5.94 6.82 7.15 5.00 7.40 7.40 7.10 5.60 7.40 5.00 
Na2O 0.60 0.27       0.60 0.02 0.07 
TiO2 70.60 74.75 76.17 72.89 67.80 73.30 72.60 76.30 70.60 73.30 67.80 
MgO  1.44 0.92 0.74 0.80 0.90 1.30 1.10  0.90 0.80 
FeO   2.40 1.78 4.51 2.16 2.55 2.20  1.79 3.25 
Fe2O3 12.4 11.57 8.30 7.21 8.98 10.27 9.50 8.11 12.40 10.68 11.50 
Al2O3 2.3 0.05       2.30 0.03 0.04 
Cr2O3   0.03 4.36      0.60 0.4 
V2O3            
SiO2            
            
Total 98.20 101.56 100.07 100.43 100.19 99.83 100.75 99.81 98.20 100.56 102.03 
            
Number of ions based on 16 O and 8 O.C. 
          
Elem.            
            
Ba2+ 0.32 0.35 0.25 0.30 0.65 0.28 0.35 0.23 0.32 0.27 0.64 
Pb2+            
Sr2+            
Ca2+          0.01 0.01 
K+ 0.88 0.90 1.04 1.10 0.81 1.14 1.15 1.08 0.87 1.14 0.80 
Na+ 0.14 0.06       0.14  0.02 
            
∑ 
T.C. 
1.34 1.31 1.29 1.40 1.46 1.42 1.50 1.31 1.33 1.42 1.47 
            
Ti4+ 6.52 6.68 6.85 6.62 6.51 6.68 6.64 6.86 6.49 6.63 6.38 
Mg2+  0.26 0.16 0.13 0.15 0.16 0.24 0.20  0.16 0.15 
Fe2+ 0.20  0.24 0.18 0.48 0.22 0.25 0.22  0.18 0.34 
Fe3+ 0.95 1.04 0.75 0.65 0.86 0.94 0.87 0.73 1.16 0.97 1.08 
Al3+ 0.33 0.02       0.35  0.01 
Cr3+    0.42      0.06 0.04 
V3+            
Si4+            
            
∑ 
O.C. 
8 8 8 8 8 8 8 8 8 8 8 






Tab. 1.6 - Chemical recalculations of redledgeite analyses from literature: (1) Foley et. al., (1997); (2a), (2b), Strunz, 




     
 (1) (2a) (2b) (3a) (3b) 
Oxides      
BaO 20.92 20.20 20.60 20.80 21.30 
K2O      
Na2O      
TiO2 60.42 59.70 59.10 58.60 53.50 
FeO 3.43     
Fe2O3 4.02 0.90 1.10 1.00  
Al2O3      
      
Cr2O3 8.27 17.40 17.10 17.00 23.20 
V2O3 0.70 0.40 0.40 0.70 0.30 
H2O      
Total 97.76 98.6 98.3 98.1 98.3 
Number of ions based on 16 oxygen atoms and 8 O.C. cations 
Elements      
Ba2+ 1.12 1.06 1.09 1.10 1.14 
K+      
Na+      
∑ T.C. 1.12 1.06 1.09 1.10 1.14 
      
Ti4+ 6.21 5.99 5.98 5.95 5.52 
Fe2+ 0.39     
Fe3+ 0.41 0.09 0.11 0.10  
Al3+      
Cr3+ 0.89 1.84 1.82 1.82 2.52 
V3+ 0.08 0.04 0.04 0.08 0.03 
OH-      
O2-      
∑ O.C. 8 8 8 8 8 






Tab. 1.7 Chemical recalculations of mannardite analyses from literature:(1a), (1b), (1c), (1d), Scott & Peatlfield, (1986); 
(2) Xiong et al., (1989); (3) Biagioni et al., (2009); in red  DCCC are indicated. 
 
 
Mannardite (and discredited ankangite) 
      
          (1a) (1b) (1c) (1d) (2) (3) 
      
Oxides      
BaO 20.10 19.90 19.40 18.40 20.59 18.24 
K2O      
Na2O      
TiO2 57.50 57.20 60.10 59.90 54.09 60.66 
Fe2O3     0.47 
Cr2O3 3.20 2.90 1.90 3.10 2.08 3.08 
V2O3 16.20 16.60 16.30 15.80 22.32 17.15 
H2O    0.51  
Total 97.00 96.60 97.70 97.20 99.59 99.6 
      
Number of ions based on 16 oxigen  atoms and 8 O.C. cations 
Elements      
      
Ba2+ 1.07 1.06 1.01 0.96 1.07 0.93 
K+      
Na+      
∑ T.C. 1.07 1.06 1.01 0.96 1.07 0.93 
      
Ti4+ 5.88 5.87 6.03 6.01 5.41 5.91 
Fe3+     0.04 
Cr3+ 0.34 0.31 0.20 0.33 0.22 0.31 
V3+ 1.77 1.82 1.74 1.69 2.38 1.78 
      
      
∑ O.C. 8 8 8 8 8 8 
      
OH-    0.22  
O2-            16 16 16 16 15.78 16 
      
∑ (O,OH) 16 16 16 16 16 16 






Tab. 1.8 Chemical recalculations of henrymeyerite analyses from literature: (1) Mitchell et. al., (2000); (2) Mitchell & 





   
 (1) (2) (3a) (3b) (3c) (3d) (3e) 
Oxides        
        
BaO 18.25 15.60 16.22 16.73 16.93 16.39 17.08 
CaO 0.02       
K2O 0.05 1.66 2.56 2.73 2.67 2.27 1.37 
Na2O 0.40       
TiO2 67.78 67.10 70.43 68.18 66.60 71.46 70.83 
MgO  0.21 1.15 1.02 0.76 0.17 0.03 
FeO 9.20 5.84 5.61 6.39 5.48 8.54 9.08 
Fe2O3   3.3 1.99 1.57 1.26  
V2O3  5.11      
Cr2O3  0.41 0.83 1.85 5.16  0.26 
La2O3 0.50       
Ce2O3 0.56       
SiO2 0.37 0.31      
Nb2O5 1.00 1.87      
        
Total 98.13 98.11 100.1 98.89 99.17 100.09 98.65 
        
Number of ions based on 16 oxygen atoms and 8 O.C. 
Elements        
        
Ba2+ 0.96 0.80 0.81 0.86 0.87 0.83 0.88 
Ca2+        
K+ 0.01 0.28 0.42 0.46 0.45 0.37 0.23 
Na+ 0.10       
        
∑ T.C. 1.07 1.12 1.23 1.32 1.32 1.20 1.11 
        
Ti4+ 6.81 6.58 6.78 6.72 6.56 6.92 6.98 
Mg2+  0.04 0.32 0.20 0.15 0.03 0.02 
Fe2+ 1.03 0.64 0.60 0.70 0.60 0.92 1.00 
Fe3+   0.22 0.20 0.15 0.12  
La3+ 0.02       
Ce3+ 0.03       
V3+  0.53      
Cr3+  0.04 0.08 0.19 0.53  0.03 
Si4+ 0.05 0.04      
Nb5+ 0.06 0.11      
        
∑ O.C. 8 8 8 8 8 8 8 







Tab. 1.9 - New mineral species found in literature: (1) Ba-Fe3+ end-member, Zhuravleva et al., (2a), (2b) Ba-Fe3+ end-
member, Reguir et al., (2003); (3a), (3b) Mitchell & Lewis, (1983); (4a), (4b) Gaspar et al., (1994); (5) Mitchell & 
Haggerty, (1986); (6) Jacques et al. (1989). 
 
New mineral species 
          
 (1) (2a) (2b) (3a) (3b) (4a) (4b) (5) (6) 
          
Oxides          
          
BaO 15.00 10.02 8.90 5.00 7.00 3.04 2.76 3.92 0.93 
PbO  9.73 10.60       
SrO          
CaO          
K2O 0.40 1.64 1.51 9.70 8.80 8.24 8.66 8.69 9.33 
Na2O 0.40 0.10 0.32   0.03 0.03  0.03 
TiO2 72.00 60.40 60.82 72.60 72.10 77.67 77.75 75.73 72.66 
MgO    0.80 1.00 0.22 0.28 0.94 0.96 
MnO        0.17  
FeO 4.55 2.90 2.32 5.64 5.64 5.02 5.01 3.17  
Fe2O3 6.34 13.99 15.08 5.95 5.84 4.80 5.02  3.69 
Al2O3 0.60     0.04 0.03  1.02 
Cr2O3      0.01 0.02 0.50 9.06 
V2O3      0.50 0.42 4.51  
Ce2O3        1.52 0.29 
SiO2  0.16      0.37  
ZrO2      0.09 0.09 0.08 0.19 
Nb2O5      0.12 0.12  0.17 
Ta2O5         0.22 
          
Total 99.29 98.94 99.89 99.69 100.38 99.83 100.75 99.60 98.55 
        
Elements          
          
Ba2+ 0.74 0.54 0.47 0.24 0.34 0.14 0.13 0.19 0.04 
Pb2+  0.36 0.38       
Sr2+          
Ca2+          
K+ 0.06 0.29 0.26 1.52 1.39 1.25 1.31 1.35 1.42 
Na+ 0.10 0.03 0.08   0.01 0.01  0.01 
          
∑ T.C. 0.90 1.22 1.19 1.76 1.73 1.40 1.45 1.54 1.47 
          
Ti4+ 6.83 6.21 6.16 6.72 6.69 6.97 6.95 6.94 6.50 
Mg2+    0.15 0.18 0.04 0.05 0.16 0.17 
Mn2+        0.02  
Fe2+ 0.48 0.33 0.26 0.58 0.59 0.50 0.50 0.31  
Fe3+ 0.60 1.44 1.53 0.55 0.54 0.43 0.45  0.33 
Al3+ 0.09        0.15 
Cr3+        0.05  
V3+      0.05 0.04 0.44  
Ce3+        0.06 0.85 
Si4+  0.02 0.05     0.05 0.01 
Zr4+      0.01 0.01  0.01 
Nb5+      0.01 0.01  0.01 
Ta5+         0.01 
          





APPENDIX III: SEM/EDS and EMP analyses (Chap. IV) 
For SEM/EDS analyses, all Mn and Fe are given as MnO and FeO, so it has been 
recalculated MnO2/Mn2O3 ratio and Fe2O3 from their bivalent oxides. In the case of EMP 
analyses, where all the Mn is given by MnO2, the MnO2/Mn2O3 ratio and Fe2O3 have 
been recalculated from MnO2 and FeO. 
 
● Cryptomelane from Montalto di Mondovì 



















































































● Cryptomelane from Sitapur mine 











































● Ferrihollandite from Ultevis 

























































































● Hollandite from Nancy mine 

















● Hollandite from Monte Corchia 



























● Ferrihollandite from Kàjilidongri mine 








































● Ferrihollandite from Vagli 













































● Mannardite from Monte Arsiccio 










































APPENDIX IV: Structural data at RT conditions (Chap. IV) 
● Cryptomelane from Montalto di Mondovì 
Tab. 3.1 - Unit cell parameters and refinement data. 
  
a (Å) 9.924(3) 
b (Å) 2.8675(8) 
c (Å) 9.781(3) 
β (°) 90.543(5) 
V (Å3) 278.3(2) 
Space group  I2/m 
Diffractometer  Bruker AXS with SMART APEX CCD 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 70° 
No. total reflections  2757 
No. unique reflections 687 
















Tab 3.2a - Positional parameters, refined occupancies, number of apfu, and equivalent isotropic 
displacement parameters for each atom site. 
       
Atom x y z Ref. Occ. apfu Ueq 
K1 0 0 0 0.16 K1.28 0.0220(3) 
K2 0 0.78(1) 0 0.015 K0.12 0.0220(3) 
M1 0.14974(5) 0 0.66677(5) (Mn)0.45 (Fe) 0.05 Mn0.9 Fe0.1 0.0064(1) 
M2 0.33536(5) 0 0.15247(4) (Mn)0.45 (Fe) 0.05 Mn0.9 Fe0.1 0.0064(1) 
O1 0.1599(3) -0.5 0.5418(2) 0.5 O 0.0102(4) 
O2 0.1562(2) -0.5 0.7994(2) 0.5 O 0.0087(4) 
O3 0.2051(2) -0.5 0.1524(2) 0.5 O 0.0088(4) 
O4 0.4581(2) -0.5 0.1715(3) 0.5 O 0.0102(4) 
 
 
Tab. 3.2b - Anisotropic displacement parameters for each atom site. 
       
Atom U11 U22 
 
U33 U23 U13 U12 
K1 0.0145(5) 0.0360(8) 0.0155(4) 0.0000(0) 0.0015(3) 0.0000(0) 
K2 0.0145(5) 0.0360(8) 0.0155(4) 0.0000(0) 0.0015(3) 0.0000(0) 
M1 0.0071(2) 0.0031(2) 0.0092(2) 0.0000(0) 0.0012(1) 0.0000(0) 
M2 0.0077(2) 0.0032(2) 0.0085(2) 0.0000(0) 0.0018(1) 0.0000(0) 
O1 0.015(1) 0.0061(9) 0.0097(9) 0.0000(0) 0.0028(7) 0.0000(0) 
O2 0.0101(9) 0.0059(9) 0.0100(8) 0.0000(0) 0.0023(7) 0.0000(0) 
O3 0.0086(9) 0.0059(8) 0.0119(9) 0.0000(0) 0.0005(7) 0.0000(0) 













Tab. 3.3 - Selected interatomic bond distances (Å). 
     
K1 – O2 x 4 2.892(1)  M1 – O1 x 2 1.877(2) 
– O3 x 4 2.892(1)  – O2 x 2 1.934(2) 
   – O4 1.903(2) 
     
K2 – O2 x 2 2.644(1)  M2 – O4 x 2 1.889(2) 
– O3 x 2 2.644(1)  – O3 x 2 1.931(2) 
– O2 x 2 3.237(1)  – O1 1.901(2) 






















● Cryptomelane from Sitapur mine 
Tab. 3.4 - Unit cell parameters and refinement data. 
  
a (Å) 9.8229(9) 
c (Å) 2.8623(1) 
V (Å3) 276.18(3) 
Space group  I4/m 
Diffractometer  Bruker AXS with SMART APEX CCD 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 70° 
No. total reflections  2056 
No. unique reflections 
Lorenz-polarization, absorption correction 
297 























Tab. 3.5a - Positional parameters, refined occupancies, number of apfu and equivalent isotropic 
displacement parameters for each atom site. 
       
Atom x y z Ref. Occ. apfu Ueq 
K1 0 0 0 0.039 K0.62  0.036(6) 
Na 0 0 0.5 0.021 Na0.33 0.044(4) 
Sr/Ba 0 0 0.07(2) 0.016 Sr/Ba0.26 0.041(8) 
Mn 0.33347(2) 0.15080(2) 0 0.5 Mn 0.00591(8) 
O1 0.4573(1) 0.1648(1) 0.5 0.5 O 0.0091(2) 
O2 0.2021(1) 0.1537(1) 0.5 0.5 O 0.0083(2) 
 
 
Tab. 3.5b - Anisotropic displacement parameters for each atom site. 
       
Atom U11 U22 
 
U33 U23 U13 U12 
K1 0.009(3) 0.009(3) 0.09(2) 0.0000(0) 0.0000(0) 0.0000(0) 
Na 0.020(3) 0.020(3) 0.09(1) 0.0000(0) 0.0000(0) 0.0000(0) 
Sr/Ba 0.025(6) 0.025(6) 0.07(2) 0.0000(0) 0.0000(0) 0.0000(0) 
M1 0.0070(1) 0.0065(1) 0.0042(1) 0.0000(0) 0.0000(0) 0.00051(6) 
O1 0.0072(4) 0.0139(4) 0.0062(4) 0.0000(0) 0.0000(0) 0.0001(3) 
O2   0.0085(4) 0.0102(4) 0.0063(4) 0.0000(0) 0.0000(0) 0.0005(3) 
 
 
Tab. 3.6 Selected interatomic bond distances (Å) 
     
K1 – O2 x 8 2.8751(8)  M1 – O1 x 2 1.8830 (7) 
   – O1 1.901 (1) 
Na – O2 x 4 2.494(1)  – O2 x 2 1.9275 (7) 
   – O2 1.952 (1) 
Sr/Ba – O2 x 4 2.78 (2)    







● Cryptomelane from Kàjilidongri mine 
Tab. 3.7 - Unit cell parameters and refinement data. 
  
a (Å) 9.8309(8) 
c (Å) 2.8668(3) 
V (Å3) 277.06(2) 
Space group  I4/m 
Diffractometer  Bruker AXS with SMART APEX CCD 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 70° 
No. total reflections  2068 
No. unique reflections 
Lorenz-polarization, absorption correction 
390 





















Tab. 3.8a - Positional parameters, refined occupancies, number of apfu, and equivalent isotropic 
displacement parameters for each atom site. 
       
Atom x y z Ref. Occ. apfu Ueq 
K1 0 0 0 0.045 K0.72 0.0164(4) 
K2 0 0 0.152(2) 0.037 K0.59 0.0164(4) 
M1 0.33350(3) 0.15082(3) 0 Mn(0.46) Fe(0.04) Mn0.92Fe0.08 0.0057(1) 
O1 0.4572(2) 0.1648(2) 0.5 0.5 O 0.0084(3) 
O2 0.2019(1) 0.1537(2) 0.5 0.5 O 0.0081(3) 
 
 
Tab. 3.8b - Anisotropic displacement parameters for octahedral cation sites and oxygen atom sites. For 
tunnel cations isotropic displacement parameters was used (see above) because anisotropic one are 
affected by very high error. 
       
Atom U11 U22 
 
U33 U23 U13 U12 
M1 0.0062(1) 0.0058(1) 0.0050(2) 0.0000(0) 0.0000(0) 0.00053(8) 
O1 0.0056(6) 0.0132(7) 0.0064(7) 0.0000(0) 0.0000(0) -0.00053(5) 
O2 0.0081(6) 0.0094(6) 0.0069(7) 0.0000(0) 0.0000(0) -0.00016(4) 
 
 
Tab. 3.9 - Selected interatomic bond distances (Å). 
     
K1 – O2 x 8 2.877(1)  M1 – O1 x 2 1.885(1) 
K2 – O2 x 4 2.687(1)  – O1  1.903(1) 
– O2 x 4 3.117(4)  –  O2 X 2 1.931(1) 










● Ferrihollandite from Ultevis 
Tab. 3.10 - Unit cell parameters and refinement data 
  
a (Å) 9.974(1) 
b (Å) 2.8764(2) 
c (Å) 9.7547(9) 
β (°) 90.735(1) 
V (Å3) 279.85(7) 
Space group  I2/m 
Diffractometer  Bruker AXS with SMART APEX CCD 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 70° 
No. total reflections  2994 
No. unique reflections 
Lorenz-polarization, absorption correction 
600 




















Tab. 3.11a - Positional parameters, refined occupancies, number of apfu and equivalent isotropic 
displacement parameters for each atom site. 
       
Atom x y z Ref. Occ. apfu Ueq 
Ba/Na 0 0 0 Ba(0.09) Na(0.013) Ba0.73Na0.11 0.0203(2) 
K/Sr 0 0.226(4) 0 K(0.05) Sr(0.005) K0.40Sr0.04 0.0233(8) 
M1 0.85092(5) 0 0.33275(5) Mn(0.45) Fe(0.05)  Mn0.9 Fe0.1 0.0064(2) 
M2 0.33564(5) 0 0.15281(5) Mn(0.45) Fe(0.05) Mn0.9 Fe0.1 0.0064(2) 
O1 0.8432(3) -0.5 0.1989(3) 0.5 O 0.0075(4) 
O2 0.8416(3) -0.5 0.4581(3) 0.5 O 0.0076(4) 
O3 0.4583(3) -0.5 0.1741(3) 0.5 O 0.0077(4) 
O4 0.2042(3) -0.5 0.1509(2) 0.5 O 0.0075(4) 
 
 
Tab. 3.11b - Anisotropic displacement parameters for each atom site. 
       
 U11 U22 
 
U33 U23 U13 U12 
Ba 0.0160(5) 0.0316(8) 0.0157(5) 0.0000(0) 0.0008(3) 0.0000(0) 
K 0.0244(1) 0.026(4) 0.025(4) 0.0000(0) -0.001(3) 0.0000(0) 
M1 0.0074(2) 0.0029(2) 0.0089(2) 0.0000(0) 0.0006(2) 0.0000(0) 
M2 0.0085(3) 0.0028(2) 0.0082(2) 0.0000(0) 0.0016(2) 0.0000(0) 
O1 0.009(1) 0.0046(9) 0.0082(9) 0.0000(0) 0.0011(7) 0.0000(0) 
O2 0.013(1) 0.003(1) 0.0065(9) 0.0000(0) 0.0012(8) 0.0000(0) 
O3 0.0055(9) 0.003(1) 0.014(1) 0.0000(0) 0.0010(8) 0.0000(0) 













Tab. 3.12 - Selected interatomic bond distances (Å). 
     
Ba – O1 x 4 2.891(1)  M1– O4 x 2 1.889(2) 
– O4 x 4 2.883(1)  – O3 x 2 1.931(2) 
   – O1 1.901(2) 
Na – O1 x 2 2.508(2)     
     - O4 x 2 2.498(3)    
     
K/Sr– O1 x 2 2.621 (3)  M1 – O1 x 2  1.942(2) 
– O1 x 2 3.264 (1)        – O1  1.957(3) 
– O4 x 2 2.620 (2)         – O2 x 2 1.891(2) 























● Hollandite from Nancy mine 
Tab. 3.13 - Unit cell parameters and refinement data 
  
a (Å) 9.923(4) 
c (Å) 2.863(1) 
V (Å3) 262.19(8) 
Space group  I4/m 
Diffractometer  Bruker AXS with SMART APEX CCD 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 70° 
No. total reflections  1484 
No. unique reflections 
Lorenz-polarization, absorption correction 
233 






















Tab. 3.14a - Positional parameters, refined occupancies, number of apfu and equivalent isotropic 
displacement parameters for each atom site. 
       
Atom x y z Ref. Occ. apfu Ueq 
Ba1 0 0 0 0.065 Ba1.04 0.016(1) 
Ba2 0 0 0.4(2) 0.0003 Ba0.005 0.016(1) 
M1 0.3343(3) 0.1511(3) 0 0.5 Mn 0.0046(9) 
O1 0.204(1) 0.154(1) -0.5 0.5 O 0.009(2) 
O2 0.458(1) 0.165(1) -0.5 0.5 O 0.009(2) 
 
 
Tab. 3.14b - Anisotropic displacement parameters for each atom site. 
       
 U11 U22 
 
U33 U23 U13 U12 
Ba1 0.017(1) 0.017(1) 0.016(3) 0.0000(0) 0.0000(0) 0.0000(0) 
Ba2 0.017(1) 0.017(1) 0.016(3) 0.0000(0) 0.0000(0) 0.0000(0) 
M1 0.006(1) 0.005(1) 0.002(1) 0.0000(0) 0.0000(0) 0.002(1) 
O1 0.003(5) 0.018(7) 0.008(7) 0.0000(0) 0.0000(0) -0.006(5) 
O2 0.011(6) 0.018(7) 0.001(6) 0.000(0) 0.0000(0) -0.006(5) 
 
 
Tab. 3.15 - Selected interatomic bond distances (Å). 
 




M1 – O1 x 2 
 
1.931 (9) 
   – O1 1.96 (1) 
Ba2 – O1 x 4 2.5 (1)  – O2 x 2 1.893 (9) 










● Hollandite from Monte Corchia 
Tab. 3.16 - Unit cell parameters and refinement data 
  
a (Å) 9.9164(5) 
c (Å) 2.8777(1) 
V (Å3) 282.978(5) 
Space group  I4/m 
Diffractometer  Bruker AXS with SMART APEX CCD 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 70° 
No. total reflections  2089 
No. unique reflections 
Lorenz-polarization, absorption correction 
305 






















Tab. 3.17a - Positional parameters, refined occupancies, number of apfu and equivalent isotropic 
displacement parameters for each atom site. 
       
Atom x y z Ref. Occ. apfu Ueq 
Ba1 0 0 0 0.074 Ba1.18 0.0187(2) 
M1 0.33497(6) 0.15111(6) 0 0.5 Mn 0.0074(2) 
O1 0.2031(3) 0.1546(3) -0.5 0.5 O 0.0096(5) 
O2 0.4587(3) 0.1667(3) -0.5 0.5 O 0.0108(5) 
 
 
Tab. 3.17b - Anisotropic displacement parameters for each atom site. 
       
 U11 U22 
 
U33 U23 U13 U12 
Ba1 0.0193(3) 0.0193(3) 0.0175(4) 0.0000(0) 0.0000(0) 0.0000(0) 
M1 0.0094(3) 0.0087(3) 0.0041(3) 0.0000(0) 0.0000(0) 0.0003(2) 
O1 0.009(1) 0.012(1) 0.007(1) 0.0000(0) 0.0000(0) -0.006(9) 
O2 0.009(1) 0.018(1) 0.006(1) 0.000(0) 0.0000(0) -0.006(5) 
 
 
Tab. 3.18 - Selected interatomic bond distances (Å). 
 




M1 – O1 x 3 
 
1.944 (2) 













● Ferrihollandite from Kàjilidongri mine 
Tab. 3.19 - Unit cell parameters and refinement data. 
  
a (Å) 9.9724(5) 
b (Å) 5.7496(3) 
c (Å) 9.8063(5) 
β(°) 90.573(1) 
V (Å3) 562.26(1) 
Space group  P2/n 
Diffractometer  Bruker AXS with SMART APEX CCD 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 70° 
No. total reflections  8332 
No. unique reflections 
Lorenz-polarization, absorption correction 
2458 


















Tab. 3.20a - Positional parameters, refined occupancies, number of apfu and equivalent isotropic 
displacement parameters for each atom site. 
       
Atom x y Z Ref. Occ. apfu Ueq 
Ba1a 0.75 0.875(2) 0.25 0.18 Ba0.36 0.0109(1) 















M1 0.10150(3) 0.62501(4) 0.08330(3) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.00537(8) 
M2 0.09923(3) 0.12496(4) 0.08394(3) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.00503(8) 
M3 0.41377(3) -0.12497(4) 0.09624(3) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.00505(8) 
M4 0.41432(3) 0.37510(4) 0.09850(3) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.00534(8) 
O1 0.5457(1) 0.1215(2) 0.0974(1) 1 O 0.0071(2) 
O2 0.5444(1) -0.3714(2) 0.0981(2) 1 O 0.0076(2) 
O3 -0.0930(2) 0.1213(2) 0.0507(1) 1 O 0.0079(2) 
O4 0.0937(2) 0.3715(2) -0.0493(2) 1 O 0.0085(2) 
O5 0.2905(2) 0.1239(2) 0.0762(2) 1 O 0.0086(2) 
O6 0.0897(2) -0.1239(2) 0.2093(2) 1 O 0.0088(2) 
O7 0.0912(2) 0.3735(2) 0.2074(2) 1 O 0.0090(2) 



















Tab. 3.20b - Anisotropic displacement parameters for each atom site. 
       
 U11 U22 
 
U33 U23 U13 U12 
Ba1a 0.0091(1) 0.0124(4) 0.0114(1) 0.0000(0) 0.00079(7) 0.0000(0) 
Ba1b 0.0091(1) 0.0124(4) 0.0114(1) 0.0000(0) 0.00079(7) 0.0000(0) 
Ba2a 0.0162(4) 0.0215(4) 0.0193(4) 0.0000(0) 0.0001(3) 0.0000(0) 
Ba2b 0.0162(4) 0.0215(4) 0.0193(4) 0.0000(0) 0.0001(3) 0.0000(0) 
M1 0.0042(1) 0.0035(1) 0.0085(1) 0.0004(8) 0.0005(1) 0.00002(9) 
M2 0.0039(1) 0.0037(1) 0.0074(1) 0.00001(8) 0.0006(1) 0.00004(9) 
M3 0.0041(1) 0.0039(1) 0.0071(1) 0.00001(8) 0.0004(1) 0.00001(9) 
M4 0.0049(1) 0.0038(1) 0.0073(1) 0.00004(8) 0.0004(1) 0.00001(9) 
O1 0.0050(5) 0.0075(6) 0.0087(5) 0.0008(4) 0.0007(4) 0.0009(5) 
O2 0.0055(6) 0.0071(6) 0.0102(6) 0.0006(4) 0.0004(4) 0.0002(5) 
O3 0.0071(6) 0.0080(6) 0.0084(6) 0.0001(4) 0.0005(4) 0.0006(5) 
O4 0.0086(6) 0.0079(6) 0.0090(6) 0.0009(4) 0.0003(4) 0.0007(5) 
O5 0.0047(6) 0.0055(6) 0.0156(6) 0.0002(5) 0.0010(4) 0.0007(5) 
O6 0.0123(7) 0.0054(8) 0.0087(5) 0.0006(4) 0.0004(4) 0.0002(5) 
O7 0.0115(6) 0.0055(6) 0.0101(6) 0.0009(4) 0.0001(4) 0.0003(5) 


















Tab. 3.21 - Selected interatomic bond distances (Å). 
 








- O2 X 2  2.894(7)       - O4  1.954(1)  
- O3 x 2 2.886(7)  - O4 1.972(2)  
- O4 x 2 2.895(7)  - O6  1.905(1)  
   - O7 1.893(1)  
 
Ba1b – O1 x 2 
 
2.899(6) 
 - O8 1.904(2)  
- O2 X 2  2.880(6)  M2 – O3 1.936(1)  
- O3 x 2 2.900(6)  – O3 1.91 (1)  
- O4 x 2 2.881(6)  - O4 1.929(1)  
   - O5 1.910(1)  
   - O6 1.889(1)  
 
Ba2a– O1 x 2 
 
2.916(1) 
 - O7 1.876(1)  
- O2 X 2  2.904(1)  M3 – O1 1.934(1)  
- O3 x 2 2.917(1)  - O1 1.946(1)  
- O4 x 2 2.904(1)  - O2 1.925(1)  
 
Ba2b– O1 x 2 
 
2.515(2) 





- O3 X 2  2.516(2)  - O8 1.881(1) 
 
 
   M4 – O1 1.961(1)  
   - O2 1.976(1)  
   - O2 1.951(1)  












● Ferrihollandite from Vagli 
Tab. 3.22 - Unit cell parameters and refinement data 
  
a (Å) 10.152(2) 
b (Å) 5.828(2) 
c (Å) 9.938(2) 
β(°) 90.710 
V (Å3) 587.99(5) 
Space group  P2/n 
Diffractometer  Siemens P4 four-circle diffractometer 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 60° 
No. total reflections  3625 





















Tab. 3.23a - Positional parameters, refined occupancies, number of apfu and equivalent isotropic 
displacement parameters for each atom site. 
       
Atom x y z Ref. Occ. apfu Ueq 
Ba1 0.25 0.8737(2) 0.75 0.39 Ba0.78 0.0148(1) 
Ba2 0.25 0.3827(9) 0.75 0.12 Ba0.24 0.0274(4) 
M1 0.09924(6) 0.8748(3) 0.08380(6) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.0066(1) 
M2 0.08658(6) 0.1249(2) 0.40412(6) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.0064(1) 
M3 0.08584(6) 0.6250(2) 0.40171(6) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.0071(2) 
M4 0.10178(6) 0.3747(3) 0.08306(6) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.0072(4) 
O1 -0.0445(3) 0.116(1) 0.4018(3) 1 O 0.0086(6) 
O2 -0.0434(3) 0.375(1) 0.4015(4) 1 O 0.0099(5) 
O3 -0.0927(3) 0.881(1) 0.0507(3) 1 O 0.0086(5) 
O4 0.0904(3) 0.128(1) 0.2097(3) 1 O 0.0096(5) 
O5 0.0926(3) 0.627(1) -0.0487(3) 1 O 0.0100(5) 
O6 0.2078(3) 0.379(1) 0.4226(3) 1 O 0.0103(6) 
O7 0.2100(3) -0.117(1) 0.4252(3) 1 O 0.0094(6) 





















Tab. 3.23b Anisotropic displacement parameters for each atom site. 
       
 U11 U22 
 
U33 U23 U13 U12 
Ba1 0.0175(2) 0.0124(2) 0.014(2) 0.0000(0) 0.0006(2) 0.0000(0) 
Ba2 0.0258(9) 0.031(1) 0.0255(9) 0.0000(0) 0.0022(7) 0.0000(0) 
M1 0.0087(3) 0.0030(2) 0.0079(3) 0.0007(6) 0.0008(2) 0.0009(5) 
M2 0.0092(3) 0.0031(2) 0.0069(3) 0.0007(7) 0.0002(2) 0.0004(6) 
M3 0.0103(3) 0.0032(2) 0.0076(3) 0.0001(7) 0.0003(2) 0.0007(4) 
M4 0.0090(3) 0.0034(2) 0.0091(3) 0.0011(6) 0.0009(2) 0.0008(5) 
O1 0.009(1) 0.005(1) 0.012(1) 0.003(3) 0.001(1) 0.003(3) 
O2 0.011(1) 0.005(1) 0.008(1) 0.003(3) 0.001(5) 0.0003(3) 
O3 0.011(1) 0.008(1) 0.011(1) 0.003(3) 0.001(5) 0.0003(3) 
O4 0.016(1) 0.004(1) 0.008(1) 0.005(3) 0.001(1) 0.0003(2) 
O5 0.012(1) 0.008(1) 0.009(1) 0.001(3) 0.001(1) 0.005(3) 
O6 0.011(1) 0.006(1) 0.013(1) 0.001(3) 0.001(3) 0.005(2) 
O7 0.011(1) 0.002(1) 0.015(q) 0.002(3) 0.001(1) 0.004(2) 




















Tab. 3.24 - Selected interatomic bond distances (Å). 
 








M2 – O1 
 
1.936(5) 
- O2 X 2  2.946(5)       - O3  1.974(3)      - O1  1.981(3) 
- O3 x 2 2.931(5)  - O4 1.937(6) - O2 1.965(6) 
- O5 x 2 2.948(4)  - O5  1.952(6) - O4  1.933(3) 
   - O7 1.939(3) - O7 1.899(5) 
 
Ba2 – O1 x 2 
 
2.994(5) 
 - O8 







- O2 X 2  2.930(5)       - O2  1.963(3)      - O3  1.999(6) 
- O3 x 2 2.985(5)  - O2 2.007(3) - O4 1.916(5) 
- O4 x 2 2.945(5)  - O6  1.900(5) - O5  1.973(6) 
   - O7 1.970(6) - O6 1.935(3) 




















● Mannardite from Monte Arsiccio 
Tab. 3.25 - Unit cell parameters and refinement data. 
  
a (Å) 10.1489(2) 
c (Å) 2.9495(1) 
V (Å3) 303.799(2) 
Space group  I4/m 
Diffractometer  Bruker AXS with SMART APEX CCD 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 70° 
Lorenz-polarization, absorption correction Apex2 software package programs 
No. total reflections  2553 






















Tab. 3.26a - Positional parameters, refined occupancies, number of apfu and equivalent isotropic 
displacement parameters. 
       
Atom x y z Ref. Occ. apfu Ueq 
Ba1 0 0 0 0.058 Ba0.92 0.0229(2) 
Ba2 0 0 0.149 0.016 Ba0.25 0.0229(2) 
M1 0.33435(3) 0.15086(3) 0 Ti(0.4) V(0.1) Ti0.8V0.2 0.0081(1) 
O1 0.4607(1) 0.1670(1) -0.5 0.5 O 0.0089(3) 
O2 0.2035(1) 0.1556(1) -0.5 0.5 O 0.0077(2) 
 
 
Tab. 3.26b - Anisotropic displacement parameters for each atom site. 
       
 U11 U22 
 
U33 U23 U13 U12 
Ba1 0.0232(2) 0.0232(2) 0.0221(4) 0.0000(0) 0.0000(0) 0.0000(0) 
Ba2 0.0232(2) 0.0232(2) 0.0221(4) 0.0000(0) 0.0000(0) 0.0000(0) 
M1 0.0099(1) 0.0084(1) 0.0059(2) 0.0000(0) 0.0000(0) 0.00160(9) 
O1 0.0066(5) 0.0132(6) 0.0069(6) 0.0000(0) 0.0000(0) 0.0001(4) 
O2 0.0075(5) 0.0075(5) 0.0082(2) 0.000(0) 0.0000(0) 0.0004(4) 
 
 
Tab. 3.27 - Selected interatomic bond distances (Å). 
 




M1 – O1 x 2 
 
1.9613(9) 
   – O1 1.929(1) 
Ba2 – O2 x 4 2.798(2)  – O2 x 2 1.9852(9) 










APPENDIX V: Structural data at LT-HT conditions (Chap. V) 
● Ferrihollandite from Vagli 
Tab 4.1a - Unit cell parameters of VagliA at different T 
      
T(K) a (Å) b (Å) c (Å) β (°) V (Å3) 
298 10.006(5) 5.744(2) 9.793(5) 90.77(2) 562.80(7) 
370 9.992(3) 5.748(1) 9.815(3) 90.66(3) 563.67(5) 
400 9.978(3) 5.752(1) 9.836(2) 90.55(3) 564.52(6) 
435 9.957(3) 5.754(1) 9.861(3) 90.36(2) 564.94(7) 
465 9.932(3) 5.758(2) 9.886(3) 90.17(2) 565.35(8) 
500 9.922(3) 5.759(1) 9.895(2) 90.09(2) 565.41(6) 
530 9.921(3) 5.763(1) 9.901(2) 90.03(1) 566.02(6) 
560 9.919(3) 5.764(2) 9.907(3) 90.05(2) 566.47(8) 
590 9.921(3) 5.766(1) 9.912(3) 90.01(3) 566.87(7) 
620 9.924(3) 5.769(1) 9.916(3) 90.04(2) 567.71(7) 
685 9.923(2) 5.773(2) 9.923(2) 90.01(2) 568.36(6) 





















Tab.4.1b - Unit cell parameters of VagliB at different T 
      
T(K) a (Å) b (Å) c (Å) β (°) V (Å3) 
298 10.006(3) 5.746(1) 9.796(3) 90.75(2) 563.67(5) 
400 9.974(2) 5.749(1) 9.828(2) 90.53(1) 563.44(5) 
435 9.951(2) 5.752(1) 9.855(2) 90.36(1) 564.08(5) 
465 9.924(2) 5.755(1) 9.886(2) 90.18(1) 564.62(5) 
500 9.916(2) 5.757(2) 9.898(2) 90.11(1) 565.15(6) 
530 9.915(2) 5.764(2) 9.904(5) 90.08(1) 565.67(5) 
465 9.923(2) 5.755(1) 9.885(2) 90.18(1) 564.53(5) 
400 9.973(2) 5.751(1) 9.829(2) 90.53(1) 563.62(5) 
298 10.004(2) 5.744(1) 9.790(2) 90.77(1) 562.54(5) 




Tab.4.1c - Unit cell parameters of VagliC at different T 
      
T(K)  a (Å)    b (Å)   c (Å)   β (°)      V (Å3) 
298 10.022(2) 5.755(3) 9.814(1) 90.67(2) 566.02(6) 
500 9.938(2) 5.773(3) 9.919(1) 90.05(1) 569.12(6) 
685 9.941(3) 5.789(2) 9.942(1) 90.01(1) 572.10(6) 
500 9.939(3) 5.779(2) 9.939(2) 90.04(1) 570.57(6) 
400 9.963(2) 5.765(3) 9.963(2) 90.24(1) 567.56(7) 












Tab.4.1d - Unit cell parameters of VagliD at different T 
      
T(K) a (Å) b (Å) c (Å) β (°) V (Å3) 
298 10.038(9) 5.762(4) 9.817(9) 90.752(7) 567.8(2) 
435 9.981(5) 5.765(2) 9.901(5) 90.28(3) 569.6(1) 
470 9.947(5) 5.776(2) 9.939(5) 90.05(2) 571.0(1) 
620 9.958(3) 5.785(2) 9.954(5) 90.04(2) 573.5(1) 
715 9.961(7) 5.792(3) 9.956(7) 90.04(1) 574.4(2) 
810 9.969(5) 5.796(2) 9.966(5) 90.04(3) 575.9(1) 
905 9.974(7) 5.804(3) 9.972(7) 90.04(1) 577.3(1) 
1000 9.979(6) 5.815(3) 9.976(6) 90.037(8) 578.9(1) 
780 9.959(5) 5.804(2) 9.955(4) 90.04(1) 575.4(1) 
560 9.944(5) 5.790(2) 9.936(5) 90.05(4) 572.1(1) 
298 





Tab.4.1e - Unit cell parameters of Kàji at different T 
      
T(K) a (Å) b (Å) c (Å) β (°) V (Å3) 
298 10.038(9) 5.762(4) 9.817(9) 90.77(9) 567.8(2) 
1000 9.979(6) 5.815(3) 9.976(2) 90.04(1) 578.9(1) 












Tab. 4.2a - Unit cell parameters and refinement data of ferrihollandite from Vagli at 150 K. 
 
150 K 
a (Å) 10.0518(6)  
b (Å) 5.7403(3) 
c (Å) 9.7236(6) 
β (°) 91.153(5) 
V (Å3) 561.05(1) 
Space group  P2/n 
Diffractometer  Oxford Diffraction Xalibur 3 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 70° 
No. total reflections  5046 
No. unique reflections 
Lorenz-polarization, absorption correction 
2563 




















Tab. 4.2b - Unit cell parameters and refinement data of ferrihollandite from Kàjilidongri at 298 K (KàjiA). 
 
298 K 
a (Å) 9.987(3) 
b (Å) 5.755(2) 
c (Å) 9.813(3) 
β(°) 90.61(2) 
V (Å3) 563.97(5) 
Space group  P2/n 
Diffractometer  Siemens P4 four-circle diffractometer 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 60° 
No. total reflections  681 






















Tab. 4.2c - Unit cell parameters and refinement data of ferrihollandite from Kàjilidongri at 1000 K (KajiB). 
 
1000 K 
a (Å) 9.938(1) 
c(Å) 5.806(1) 
V (Å3) 573.42(3) 
Space group  P4/m 
Diffractometer  Siemens P4 four-circle diffractometer 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 50° 
No. total reflections  707 






















Tab 4.3a - Positional parameters, refined occupancy, number of apfu and equivalent isotropic 
displacement parameters of ferrihollandite from Vagli at 150K. 
       
Atom x y Z Ref. Occ. apfu Ueq 
Ba1 0.25 0.8734(2) 0.75 0.39 Ba0.78 0.0126(2) 
Ba2 0.25 0.3820(8) 0.75 0.11 Ba0.22 0.0126(2) 
M1 0.10031(9) 0.8745(3) 0.08310(9) 1 Mn 0.0066(2) 
M2 0.08717(9) 0.1251(3) 0.40515(9) 1 Mn 0.0065(2) 
M3 0.08670(9) 0.6253(3) 0.40252(9) 1 Mn 0.0070(2) 
M4 0.10291(9) 0.3744(4) 0.08228(9) 1 Mn 0.0071(2) 
O1 -0.0437(4) 0.125(1) 0.4002(4) 1 O 0.0081(8) 
O2 -0.0429(4) 0.367(1) 0.3995(4) 1 O 0.0077(8) 
O3 -0.0914(4) 0.879(1) 0.0523(4) 1 O 0.0089(7) 
O4 0.0936(4) 0.123(1) 0.2096(4) 1 O 0.0091(8) 
O5 0.0919(4) 0.629(1) -0.0506(4) 1 O 0.0101(8) 
O6 0.2075(4) 0.373(1) 0.4274(5) 1 O 0.0109(8) 
O7 0.2092(4) -0.124(1) 0.4303(4) 1 O 0.0101(8) 




















Tab. 4.3b - Positional parameters, refined occupancy, number of apfu and equivalent isotropic 
displacement parameters of ferrihollandite from Kàjilidongri at 298K (KàjiA) 
       
Atom x y z Ref. Occ. apfu Ueq 
Ba1 0.25 0.872(1) 0.75 0.39 Ba0.78 0.0148(1) 
Ba2 0.25 0.3827(9) 0.75 0.17 Ba0.34 0.0148(1) 
M1 0.09924(6) 0.8748(3) 0.08380(6) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.0066(1) 
M2 0.08658(6) 0.1249(2) 0.40412(6) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.0064(1) 
M3 0.08584(6) 0.6250(2) 0.40171(6) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.0071(2) 
M4 0.10178(6) 0.3747(3) 0.08306(6) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.0072(4) 
O1 -0.0445(3) 0.116(1) 0.4018(3) 1 O 0.0086(6) 
O2 -0.0434(3) 0.375(1) 0.4015(4) 1 O 0.0099(5) 
O3 -0.0927(3) 0.881(1) 0.0507(3) 1 O 0.0086(5) 
O4 0.0904(3) 0.128(1) 0.2097(3) 1 O 0.0096(5) 
O5 0.0926(3) 0.627(1) -0.0487(3) 1 O 0.0100(5) 
O6 0.2078(3) 0.379(1) 0.4226(3) 1 O 0.0103(6) 
O7 0.2100(3) -0.117(1) 0.4252(3) 1 O 0.0094(6) 
O8 0.0918(3) 0.629(1) 0.2079(3) 1 O 0.0096(6) 
 
Tab. 4.3c - Positional parameters, refined occupancy, number of apfu and equivalent isotropic 
displacement parameters of ferrihollandite from Kàjilidongri at 1000 K (KajiB). 
       
Atom x y z Ref. Occ. apfu Ueq 
Ba1 0 0 0 0.097 Ba0.39 0.045(4) 
Ba2 0.5 0.5 0.245(3) 0.16 Ba0.64 0.045(4) 
M1 -0.151(1) 0.334(1) 0 0.5 Mn 0.016(2) 
M2 -0.3495(7) -0.3495(8) 0.249(1) 1 Mn 0.013(1) 
M3 -0.151(1) 0.336(1) -0.5 0.5 Mn 0.014(2) 
O1 -0.0445(3) 0.199(3) -0.755(7) 1 O 0.023(9) 
O2 -0.322(8) 0.044(5) 0.5 0.5 O 0.04(2) 
O3 -0.352(5) 0.279(8) 0 0.5 O 0.05(2) 
O4 -0.341(5) 0.295(4) 0.5 0.5 O 0.01(1) 
O5 0.049(5) 0.337(5) 0 0.5 O 0.02(1) 







Tab. 4.4a - Selected interatomic bond distances (Å) of ferrihollandite from Vagli at 150K. 
 








M2 – O1 
 
1.946(6) 
- O2 x 2  2.870(5)       - O3  1.931(6)      - O1  1.950(4) 
- O3 x 2 2.893(6)  - O4 1.885(6) - O2 1.909(6) 
- O5 x 2 2.893(5)  - O5  1.917(6) - O4  1.903(4) 
   - O7 1.922(4) - O6 1.877(6) 
 
Ba2 – O1 x 2 
 
2.914(6) 
 - O8 







- O2 x 2  2.897(6)       - O2  1.971(6)      - O4  1.906(7) 
- O3 x 2 2.935(5)  - O2 1.984(4) - O5 1.954(6) 
- O5 x 2 2.902(6)  - O6  1.903(6) - O5  1.976(5) 
   - O7 1.908(6) - O6 1.909(5) 




















Tab. 4.4b - Selected interatomic bond distances (Å) of ferrihollandite from Kàjilidongri at 298K (Kàji A). 
 








M2 – O1 
 
1.89(3) 
- O3 x 2  2.84(3)       - O3  1.96(3)      - O1  1.94(2) 
- O5 x 2 2.91(3)  - O4 1.92(2) - O2 1.84(3) 
- O7 x 2 2.88(3)  - O5  1.88(4) - O4  1.93(3) 
   - O6 1.84(3) - O6 1.96(3) 
 
Ba2 – O1 x 2 
 
2.95(3) 
 - O8 







- O3 x 2  2.93(3)       - O2  1.94(4)      - O3  2.05(4) 
- O5 x 2 2.96(3)  - O4 1.86(4) - O5 1.94(4) 
- O7 x 2 2.87(3)  - O7  1.94(4) - O5  1.97(2) 
   - O7 1.99(2) - O6 1.90(3) 




















Tab. 4.4c - Selected interatomic bond distances (Å) of hollandite from Kàjilidongri at 1000K (KajiB). 
 








M2 – O1 
 
1.96(3) 
         - O3  2.07(5)      - O2  1.91(3) 
   - O5 1.99(5) - O3 1.84(5) 
   - O6 × 2  1.92(3) - O4  1.95(3) 
     - O5 1.85(3) 
 









- O4 × 4  2.98(4)       - O2  1.94(5)       
   - O4 1.93(4)   
   - O6 × 2  1.89(4)    




















● Mannardite from Monte Arsiccio 
Tab. 4.5a - Unit cell parameters and refinement data of mannardite at 100 K. 
 
100 K 
a (Å) 10.1383(4)  
c (Å) 2.9494(3) 
V (Å3) 303.15(1) 
Space group  I4/m 
Diffractometer  Oxford Diffraction Xalibur 3 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 70° 
No. total reflections  578 
No. unique reflections 
Lorenz-polarization, absorption correction 
397 





















Tab. 4.5b - Unit cell parameters and refinement data of mannardite at 150 K. 
 
150 K 
a (Å) 10.1392(4)  
c (Å) 2.9504(2) 
V (Å3) 303.31(1) 
Space group  I4/m 
Diffractometer  Oxford Diffraction Xalibur 3 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 70° 
No. total reflections  586 
No. unique reflections 
Lorenz-polarization, absorption correction 
397 






















Tab. 4.5c - Unit cell parameters and refinement data of mannardite at 298 K. 
 
298 K 
a (Å) 10.142(1)  
c (Å) 2.9533(3) 
V (Å3) 303.77(2) 
Space group  I4/m 
Diffractometer  Siemens P4 four-circle diffractometer 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 55° 
No. total reflections  1088 























Tab. 4.5d - Unit cell parameters and refinement data of mannardite at 500 K. 
 
500 K 
a (Å) 10.176(1)  
c (Å) 2.965(2) 
V (Å3) 307.03(2) 
Space group  I4/m 
Diffractometer  Siemens P4 four-circle diffractometer 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 55° 
No. total reflections  647 























Tab. 4.5e - Unit cell parameters and refinement data of mannardite at 700 K. 
 
700 K 
a (Å) 10.193(1)  
c (Å) 2.972(2) 
V (Å3) 308.78(2) 
Space group  I4/m 
Diffractometer  Siemens P4 four-circle diffractometer 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 55° 
No. total reflections  647 
























Tab. 4.6a - Positional parameters, refined occupancies, number of apfu and equivalent isotropic 
displacement parameters of mannardite at 100 K 
       
Atom x y z Ref. Occ. apfu Ueq 
Ba1 0 0 0.5 0.046 Ba0.73 0.0179(4) 
Ba2 0 0 0.65 0.025 Ba0.40 0.0179(4) 
M1 0. 15051(2) 0.66571(2) 0.5 0.5 Ti 0.00766(6) 
O1 0.16735(7) 0.53934(7) 0 0.5 O 0.0091(2) 
O2 0.15556(7) 0.79657(7) 0 0.5 O 0.0081(2) 
 
 
Tab. 4.6b - Positional parameters, refined occupancies, number of apfu and equivalent isotropic 
displacement parameters of mannardite at 150 K 
       
Atom x y z Ref. Occ. apfu Ueq 
Ba1 0 0 0.5 0.048 Ba0.76 0.0179(4) 
Ba2 0 0 0.65 0.023 Ba0.37 0.0179(4) 
M1 0. 15058(6) 0.66573(6) 0.5 0.5 Ti 0.0067(2) 
O1 0.1674(2) 0.5395(3) 0 0.5 O 0.0090(6) 
O2 0.1555(3) 0.7965(2) 0 0.5 O 0.0081(6) 
 
 
Tab. 4.6c - Positional parameters, refined occupancy, number of apfu and equivalent isotropic 
displacement parameters of mannardite at 298 K 
       
Atom x y z Ref. Occ. apfu Ueq 
Ba1 0 0 0.5 0.051 Ba0.81 0.0247(7) 
Ba2 0 0 0.65 0.02 Ba0.32 0.0242(7) 
M1 0.16561(2) 0.65084(2) 0.5 0.5 Ti 0.00628(9) 
O1 0.1671(1) 0.46060(9) 0 0.5 O 0.0087(2) 








Tab. 4.6d - Positional parameters, refined occupancy, number of apfu and equivalent isotropic 
displacement parameters of mannardite at 500 K 
       
Atom x y z Ref. Occ. apfu Ueq 
Ba1 0 0 0.5 0.071 Ba1.14 0.042(1) 
M1 0.1655(1) 0.6508(1) 0.5 0.5 Ti 0.0092(4) 
O1 0.1669(6) 0.4609(5) 0 0.5 O 0.0100(9) 
O2 0.2029(5) 0.8446(5) 0 0.5 O 0.0084(9) 
 
 
Tab. 4.6e - Positional parameters, refined occupancy, number of apfu and equivalent isotropic 
displacement parameters of mannardite at 700 K 
       
Atom x y z Ref. Occ. apfu Ueq 
Ba1 0 0 0.5 0.07 Ba1.12 0.049(2) 
M1 0.1654(2) 0.6504(2) 0.5 0.5 Ti 0.0135(7) 
O1 0.1675(8) 0.4605(7) 0 0.5 O 0.016(2) 




















Tab. 4.7a - Selected interatomic bond distances (Å) of mannardite at 100 K 
 




M1 – O1 x 2 
 
1.9610(5) 
   - O1 1.9248(7)  
Ba2 - O2 × 4  2.799(1)  – O2 x 2 1.9843(5) 
- O2 x 4 3.219(1)  - O2 2.0030(7) 
 
 
Tab. 4.7b Selected interatomic bond distances (Å) of mannardite at 150 K 
 




M1 – O1 x 2 
 
1.960(2) 
   - O1 1.927(3)  
Ba2 - O2 × 4  2.796(4)  – O2 x 2 1.984(2) 
- O2 x 4 3.226(5)  - O2 2.003(3) 
 
 
Tab. 4.7c Selected interatomic bond distances (Å) of mannardite at 298 K 
 




M1 – O1 x 2 
 
1.9611(7) 
   - O1 1.929(1)  
Ba2 - O2 × 4  2.794(5)  – O2 x 2 1.9867(7) 












Tab. 4.7d Selected interatomic bond distances (Å) of mannardite at 500 K 
 




M1 – O1 x 2 
 
1.971(4) 
   - O1 1.934(6)  
    – O2 x 2 2.000(4) 
   - O2 2.009(6) 
 
 
Tab. 4.7e Selected interatomic bond distances (Å) of mannardite at 700 K 
 




M1 – O1 x 2 
 
1.971(5) 
   - O1 1.936(7)  
    – O2 x 2 2.001(5) 
























APPENDIX VI: Structural data of anhydrous and hydrated model of ferrihollandite from 
Vagli and mannardite from Monte Arsiccio (Chap. VI). 
● Anhydrous ferrihollandite from Vagli 
 
Tab. 5.1 - Unit cell parameters and refinement data 
  
a (Å) 10.152(2) 
b (Å) 5.828(2) 
c (Å) 9.938(2) 
β(°) 90.710 
V (Å3) 587.99(5) 
Space group  P2/n 
Diffractometer  Siemens P4 four-circle diffractometer 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 60° 
No. total reflections  3625 



















Tab. 5.2a - Positional parameters, refined occupancies, number of apfu and equivalent isotropic 
displacement parameters. 
       
Atom x y z Ref. Occ. apfu Ueq 
Ba1 0.25 0.8737(2) 0.75 0.39 Ba0.78 0.0148(1) 
Ba2 0.25 0.3827(9) 0.75 0.12 Ba0.24 0.0274(4) 
M1 0.09924(6) 0.8748(3) 0.08380(6) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.0066(1) 
M2 0.08658(6) 0.1249(2) 0.40412(6) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.0064(1) 
M3 0.08584(6) 0.6250(2) 0.40171(6) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.0071(2) 
M4 0.10178(6) 0.3747(3) 0.08306(6) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.0072(4) 
O1 -0.0445(3) 0.116(1) 0.4018(3) 1 O 0.0086(6) 
O2 -0.0434(3) 0.375(1) 0.4015(4) 1 O 0.0099(5) 
O3 -0.0927(3) 0.881(1) 0.0507(3) 1 O 0.0086(5) 
O4 0.0904(3) 0.128(1) 0.2097(3) 1 O 0.0096(5) 
O5 0.0926(3) 0.627(1) -0.0487(3) 1 O 0.0100(5) 
O6 0.2078(3) 0.379(1) 0.4226(3) 1 O 0.0103(6) 
O7 0.2100(3) -0.117(1) 0.4252(3) 1 O 0.0094(6) 





















Tab. 5.2b - Anisotropic displacement parameters for each atom site. 
       
 U11 U22 
 
U33 U23 U13 U12 
Ba1 0.0175(2) 0.0124(2) 0.014(2) 0.0000(0) 0.0006(2) 0.0000(0) 
Ba2 0.0258(9) 0.031(1) 0.0255(9) 0.0000(0) 0.0022(7) 0.0000(0) 
M1 0.0087(3) 0.0030(2) 0.0079(3) 0.0007(6) 0.0008(2) 0.0009(5) 
M2 0.0092(3) 0.0031(2) 0.0069(3) 0.0007(7) 0.0002(2) 0.0004(6) 
M3 0.0103(3) 0.0032(2) 0.0076(3) 0.0001(7) 0.0003(2) 0.0007(4) 
M4 0.0090(3) 0.0034(2) 0.0091(3) 0.0011(6) 0.0009(2) 0.0008(5) 
O1 0.009(1) 0.005(1) 0.012(1) 0.003(3) 0.001(1) 0.003(3) 
O2 0.011(1) 0.005(1) 0.008(1) 0.003(3) 0.001(5) 0.0003(3) 
O3 0.011(1) 0.008(1) 0.011(1) 0.003(3) 0.001(5) 0.0003(3) 
O4 0.016(1) 0.004(1) 0.008(1) 0.005(3) 0.001(1) 0.0003(2) 
O5 0.012(1) 0.008(1) 0.009(1) 0.001(3) 0.001(1) 0.005(3) 
O6 0.011(1) 0.006(1) 0.013(1) 0.001(3) 0.001(3) 0.005(2) 
O7 0.011(1) 0.002(1) 0.015(q) 0.002(3) 0.001(1) 0.004(2) 




















Tab. 5.3 - Selected interatomic bond distances (Å). 
 








M2 – O1 
 
1.936(5) 
- O2 X 2  2.946(5)       - O3  1.974(3)      - O1  1.981(3) 
- O3 x 2 2.931(5)  - O4 1.937(6) - O2 1.965(6) 
- O6 x 2 2.948(4)  - O5  1.952(6) - O4  1.933(3) 
   - O7 1.939(3) - O7 1.899(5) 
 
Ba2 – O1 x 2 
 
2.994(5) 
 - O8 







- O2 X 2  2.930(5)       - O2  1.963(3)      - O3  1.999(6) 
- O3 x 2 2.985(5)  - O2 2.007(3) - O4 1.916(5) 
- O6 x 2 2.945(5)  - O6  1.900(5) - O5  1.973(6) 
   - O7 1.970(6) - O6 1.935(3) 





















● Hydrated ferrihollandite from Vagli 
 
Tab. 5.4 - Unit cell parameters and refinement data 
  
a (Å) 10.152(2) 
b (Å) 5.828(2) 
c (Å) 9.938(2) 
β(°) 90.710 
V (Å3) 587.99(5) 
Space group  P2/n 
Diffractometer  Siemens P4 four-circle diffractometer 
Radiation  MoKα 
Monocromator  Graphite crystal 
2θmax 60° 
No. total reflections  3625 





















Tab. 5.5a - Positional parameters, refined occupancies and equivalent isotropic displacement parameters. 
       
Atom x y z Ref. Occ. Ref. Occ. Ueq 
Ba1 0.25 0.8736(2) 0.75 0.38 Ba0.76 0.0146(1) 
W2 0.25 0.8736(2) 0.75 0.12 W0.24 0.0215(8) 
Ba2 0.25 0.3826(9) 0.75 0.07 W0.14 0.0215(8) 
W1 0.25 0.3826(9) 0.75 0.43 W0.86 0.0215(8) 
M1 0.09934(6) 0.8748(3) 0.08381(6) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.0067(1) 
M2 0.08659(6) 0.1249(2) 0.40411(6) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.0065(1) 
M3 0.08585(6) 0.6251(2) 0.40169(6) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.0072(1) 
M4 0.10179(6) 0.3748(3) 0.08307(6) Mn(0.8) Fe(0.2) Mn0.8 Fe0.2 0.0073(2) 
O1 -0.0445(3) -0.116(1) 0.4019(3) 1 O 0.0088(6) 
O2 -0.0434(3) 0.375(1) 0.4015(3) 1 O 0.0101(5) 
O3 -0.0928(3) 0.881(1) 0.0507(3) 1 O 0.0088(5) 
O4 0.0904(3) 0.128(1) 0.2097(3) 1 O 0.0098(5) 
O5 0.0926(3) 0.628(1) -0.0487(3) 1 O 0.0102(5) 
O6 0.2078(3) 0.379(1) 0.4227(3) 1 O 0.0104(6) 
O7 0.2100(3) -0.118(1) 0.4252(3) 1 O 0.0095(6) 




















Tab. 5.5b - Anisotropic displacement parameters for each atom site. 
       
 U11 U22 
 
U33 U23 U13 U12 
Ba1 0.0174(2) 0.0121(2) 0.0143(2) 0.0000(0) 0.0006(2) 0.0000(0) 
W2 0.0174(2) 0.0121(2) 0.0143(2) 0.0000(0) 0.0006(2) 0.0000(0) 
Ba2 0.019(1) 0.025(1) 0.019(1) 0.0000(0) 0.0023(7) 0.0000(0) 
W1 0.019(1) 0.025(1) 0.019(1) 0.0000(0) 0.0023(7) 0.0000(0) 
M1 0.0089(3) 0.0031(2) 0.0080(3) 0.0007(6) 0.0008(2) 0.0009(5) 
M2 0.0092(3) 0.0035(2) 0.0092(3) 0.0008(5) 0.0002(2) 0.0004(6) 
M3 0.0093(3) 0.0032(2) 0.0071(3) 0.0007(7) 0.0002(2) 0.0004(5) 
M4 0.0090(3) 0.0034(2) 0.0091(3) 0.0011(6) 0.0009(2) 0.0008(5) 
O1 0.009(1) 0.005(1) 0.012(1) 0.003(3) 0.001(1) 0.003(3) 
O2 0.011(1) 0.011(1) 0.008(1) 0.003(3) 0.002(5) 0.0005(9) 
O3 0.010(1) 0.008(1) 0.011(1) 0.003(3) 0.001(5) 0.0003(3) 
O4 0.016(1) 0.005(1) 0.0101(5) 0.003(3) 0.001(1) 0.0005(2) 
O5 0.016(1) 0.004(1) 0.009(1) 0.002(3) 0.004(1) 0.005(3) 
O6 0.012(1) 0.008(1) 0.009(1) 0.001(3) 0.001(3) 0.005(2) 
O7 0.011(1) 0.002(1) 0.015(q) 0.002(3) 0.001(1) 0.004(2) 


















Tab. 5.6 - Selected interatomic bond distances (Å). 
 








M2 – O1 
 
1.933(5) 
- O2 x 2  2.947(5)       - O3  1.974(3)      - O1  1.981(3) 
- O3 x 2 2.932(5)  - O4 1.937(6) - O2 1.965(6) 
- O6 x 2 2.947(4)  - O5  1.951(6) - O4  1.933(3) 
- W1 x 2 2.966(4)  - O7 1.939(3) - O7 1.899(5) 
 
Ba2 – O1 x 2 
 
2.994(5) 
 - O8 







- O2 x 2  2.931(5)       - O2  1.962(3)      - O3  1.999(6) 
- O3 x 2 2.985(5)  - O2 2.007(3) - O4 1.916(5) 
- O6 x 2 2.946(5)  - O6  1.900(5) - O5  1.973(6) 
- W2 x 2 2.966(4)  - O7 1.970(6) - O6 1.935(3) 




















● Anhydrous mannardite from Monte Arsiccio 
Tab. 5.7 - Unit cell parameters and refinement data 
  
a (Å) 10.1489(2) 
c (Å) 2.9495(1) 
V (Å3) 303.799(2) 
Space group  I4/m 
Diffractometer  Bruker AXS with SMART APEX CCD 
Radiation  MoKα 




Apex2 software package programs 
No. total reflections  2553 






















Tab. 5.8a - Positional parameters, refined occupancies and equivalent isotropic displacement parameters. 
       
Atom x y z Ref. Occ. apfu Ueq 
Ba1 0 0 0 0.058 Ba0.92 0.0229(2) 
Ba2 0 0 0.149(5) 0.015 Ba0.24 0.0229(2) 
M1 0.33435(3) 0.15086(3) 0 0.5 Ti0.8V0.2 0.0081(1) 
O1 0.4607(1) 0.1670(1) -0.5 1 O 0.0089(3) 
O2 0.2035(1) 0.1556(1) -0.5 1 O 0.0077(2) 
 
 
Tab. 5.8b - Anisotropic displacement parameters for each atom site. 
       
 U11 U22 
 
U33 U23 U13 U12 
Ba1 0.0232(2) 0.0232(2) 0.0221(4) 0.0000(0) 0.0000(0) 0.0000(0) 
Ba2 0.0232(2) 0.0232(2) 0.0221(4) 0.0000(0) 0.0000(0) 0.0000(0) 
M1 0.0099(1) 0.0084(1) 0.0059(2) 0.0000(0) 0.0000(0) 0.00160(9) 
O1 0.0066(5) 0.0132(6) 0.0069(6) 0.0000(0) 0.0000(0) 0.0001(4) 
O2 0.0075(5) 0.0075(5) 0.0082(2) 0.000(0) 0.0000(0) 0.0004(4) 
 
 
Tab. 5.9 - Selected interatomic bond distances (Å). 
 




M1 – O1 x 2 
 
1.9613(9) 
   – O1 1.929(1) 
Ba2 – O2 x 4 2.798(2)  – O2 x 2 1.9852(9) 










● Hydrated mannardite from Monte Arsiccio 
Tab. 5.10 - Unit cell parameters and refinement data 
  
a (Å) 10.1489(2) 
c (Å) 2.9495(1) 
V (Å3) 303.799(2) 
Space group  I4/m 
Diffractometer  Bruker AXS with SMART APEX CCD 
Radiation  MoKα 




Apex2 software package programs 
No. total reflections  2553 






















Tab. 5.11a - Positional parameters, refined occupancy and equivalent isotropic displacement parameters. 
       
Atom x y z Ref. Occ. Ref. Occ. Ueq 
Ba1 0 0 0 0.055 Ba0.88 0.022(1) 
Ba2 0 0 -0.143(5) 0.01 Ba0.16 0.022(1) 
W1 0 0 -0.143(5) 0.057 W0.91 0.022(1) 
M1 0.33434(3) 0.15086(3) 0 0.5 Ti0.8V0.2 0.0082(1) 
O1 0.4607(1) 0.1669(1) -0.5 1 O 0.0091(2) 
O2 0.2035(1) 0.1556(1) -0.5 1 O 0.0079(2) 
 
 
Tab. 5.11b - Anisotropic displacement parameters for each atom site. 
       
 U11 U22 
 
U33 U23 U13 U12 
Ba1 0.0219(2) 0.0219(2) 0.0213(4) 0.0000(0) 0.0000(0) 0.0000(0) 
Ba2 0.0219(2) 0.0219(2) 0.0213(4) 0.0000(0) 0.0000(0) 0.0000(0) 
W1 0.0219(2) 0.0219(2) 0.0213(4) 0.0000(0) 0.0000(0) 0.0000(0) 
M1 0.0100(1) 0.0085(1) 0.0061(2) 0.0000(0) 0.0000(0) 0.0016(1) 
O1 0.0066(5) 0.0134(5) 0.0073(6) 0.0000(0) 0.0000(0) 0.0091(2) 
O2 0.0076(5) 0.0077(5) 0.0083(2) 0.000(0) 0.0000(0) 0.0079(2) 
 
 
Tab. 5.12 - Selected interatomic bond distances (Å). 
 




M1 – O1 x 2 
 
1.9613(9) 
      - W1 (Ba2) x 2 2.53(1)  – O1 1.929(1) 
   – O2 x 2 1.9852(9) 
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